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INTRODUCTION TO THE CONFERENCE 


By Cuartes GLen Kino 
The Nutrition Foundation, Inc., New York, N. Y. 


Research progress in the study of cancer is terribly discouraging to many 
people. This is very understandable because, aside from surgery and 
radiation therapy, so little of practical value or in the direction of basic 
understanding of the problem seems to have been accomplished. Yet we 
can scarcely doubt the successful outcome of intensive research effort. 
The limitation is primarily one of time and manpower. The challenge in 
cancer research, as measured in human values and in complexity of attack, 
is surely as great as in any field that a scientist could find. 

Basically, we know that attempts to use shortcuts are likely to lead to 
disappointments, but we also know that there is need to have the view- 
point of both the meticulous plodder and the impatient driver, i.e., those 
who have been aptly characterized as “single variabilists” and “multiple 
variabilists”’. 

It may seem disappointing that, after so much study of cancer, no one 
knows, in a fundamental way, the cause or nature of tumor development. 
Accordingly, a rational approach to prevention or cure seems extremely 
remote. Yet I think we should be greatly encouraged, especially in nutri- 
tion research, by two findings that are firmly established, since they pro- 
vide powerful tools with which to work: 

(1) A variety of definite, pure compounds are known that apparently 
initiate carcinogenesis, so that one can lay out a research program on a 
molecular basis. Unfortunately, we do not know whether these com- 
pounds are similar to the common causative agents in human cancer. 

(2) Under controlled conditions with animals, several substances that 
are characteristic of natural diets can completely decide the issue of 
whether or not tumors will develop. Recent results with choline in rat 
feeding illustrate this in a striking manner. 

Besides the two major leads just cited, I think we have reason to be 
encouraged by the discoveries that have been made in regard to caloric 
intake, percentage and composition of ingested fat, certain members of 
the vitamin B-complex (especially riboflavin), the more complex agents 
that can be transmitted in milk, and the availability of tracer elements 
with which to explore what happens inside normal and cancer cells. 

The New York Academy of Sciences and the Committee on Growth 
of the National Research Council are greatly indebted to those who have 
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prepared papers for the program and to those who have consented to 
preside at the three main sessions. The research men who are working 
on widely scattered approaches to the cancer problem will, I am sure, 
enjoy both the formal papers and the discussions that will follow. 

Before turning to their presentation, I want to express a personal word 
of thanks to Mrs. Miner, Doctor Owen, Doctor Rhoads, Doctor Nigrelli, 
and to members of the Panel on Nutrition, Doctor Elvehjem, Doctor 
Woolley, and Doctor Vickery for their assistance in organizing the 
program. 


EFFECTS OF VARYING CALORIC INTAKE UPON 
TUMOR INCIDENCE AND TUMOR GROWTH 


By ALBERT TANNENBAUM 


Department of Cancer Research, 
Michael Reese Hospital, Chicago, Illinois 


That tumors might be dependent, in part, on nutrition, has been sur- 
mised for many years. This viewpoint was based, no doubt, on the simple 
but significant fact that nutrition is needed for the origin and growth of 
both individual cells and organisms. At first, the approach was specu- 
lative; in the past few years, however, the experimental attack has fur- 
nished much valuable information. 

The relationship of nutrition to cancer has many facets. These are 
discussed in the original publications and in a review presented at the 
Gibson Island Cancer Conference of 1945 (Tannenbaum, 1945c). In 
fact, this limited presentation on the effects of varying the caloric intake 
upon tumor incidence and tumor growth has been taken, mainly, from the 
latter review. 

The origin or genesis of a tumor must be differentiated from its sub- 
sequent growth. Actually, these are two phases of the tumor process and 
they may be affected in different ways by an experimental procedure or 
agent. It is for this reason that incidence and growth of tumors are 
discussed separately. 


EFFECTS OF CALORIC INTAKE ON THE 
INCIDENCE OF TUMORS 


The fact, now established, that caloric intake is a factor in the pro- 
duction of tumors was suggested to us in experiments, started in 1937, 
-designed to evaluate the effects of various common food constituents. 
Although all the animals in these experiments were being fed ad libitum, 
some weighed less than others, and it appeared that fewer of the smaller 
animals developed tumors. These smaller mice had free access to food, 
but the exact food consumption in comparison with that of the others in 
the groups was not known. It was for these reasons that experiments 
were initiated to test the effect of simple underfeeding (giving the experi- 
mental mice about two-thirds of the ration consumed by the controls). 
It was found that simple underfeeding inhibited the formation of tumors, 
and the evidence suggested that the effect was produced by restriction 
of calories rather than by some specific food component. Therefore, other 
experiments were begun in which the restricted diet differed from the 
ad libitum diet in caloric (carbohydrate) value only. 
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In priate 1, 10 mice of a typical experiment are seen. Five are from 
the control group and five from the underfed group. The underfed mice 
appeared normal, clinically, except that they were smaller and more active, 
particularly before feeding time, than the control mice. Actually, the 
underfed mice lived longer, on the average. Another interesting feature 
was that the underfed mice revealed fewer pathologic changes of the 
heart, kidneys, liver, etc., than did the control mice of the same age. 

What are the actual effects of simple underfeeding or caloric restriction 
on the incidence of tumors? A few typical experiments will be detailed, 
following which the main work in this field will be summarized. TABLE 1 


TABLE 1 


Tue Errect oF A CALORIE-RESTRICTED DIET ON THE FORMATION OF 
SponTANEOUS MAmMAry Tumors IN DBA VirciIn FEMALE MICE 


N42: ad-libitum controls N45: calorie-restricted 
Animals Cumu- Animals Cumu- 
Mean alive and lative Mean alive and lative 
Age weight tumor- tumor weight tumor- tumor 
weeks gm. free count gm. free count 
10* 20 50 0 2d 50 0 
40 28 48 0 19 50 0 
48 30 47 1 19 50 0 
56 30 45 2 20 49 0 
64 ill 40 6 21 48 0 
72 30 35 11 20 46 0 
80 29 27 16 20 41 0 
88 — 15 23 — 39 0 
96 = 8 25 — Bi 0 
100 — 6 26 — 29 0 


* Animals placed on experimental diets at 10 weeks of age. 


illustrates the striking effect on the formation of spontaneous mammary 
carcinoma in DBA virgin female mice. The mice of the N45 restricted 
group were fed and ate 2.0 grams of the basic ration, their average weight 
being maintained at from 19 to 21 grams throughout the course of the 
experiment. On the other hand, the mice of the N42 control group were 
given the same amount of basic ration plus corn starch. They ate, on the 
average, 3.0 grams of food daily, and grew at a normal rate. 

By 100 weeks of age, 26 animals in the group fed ad libitum had 
developed tumors, while none had appeared in the restricted group. This 
striking effect was not caused by deaths at an early age in the restricted 
group, for it is seen that, at 1 year, there are actually 49, and at 100 weeks 
there are still 29, of the original 50 mice. These results clearly show that 


a calorie-restricted diet inhibited the formation of spontaneous mammary 
carcinoma in the mouse. 
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TABLE 2 


Tue Errect of A CAtorte-RESTRICTED Diet oN THE ForMATION oF INDUCED 
Sxin Tumors tn DBA Mate Mice* 


AO: ad-libitum controls A5: calorie-restricted 

Weeks Animals Cumu- Animals Cumu- 
after first Mean alive and lative Mean alive and lative 
applica- weight tumor- tumor weight tumor- tumor 
tion* gm. free count gm. free count 

i 23 50 0 22 50 0 

0 27 50 0 20 50 0) 

8 31 49 0 22 50 0 

16 34 41 8 21 50 0 

24 33 34 15 21 47 2 

32 33 26 21 2 39 5 

40 32 19 25 22 Sif 6 

48 32 10 29 22 38 9 

56 — 4 52 21 29 11 

60 — 4 32 20 26 al 


* Nineteen semi-weekly applications of benzpyrene. 
j Diets started 4 weeks before first application of carcinogen. 


In TABLE 2, the effect of a calorie-restricted diet on the formation of 
induced skin tumors is shown. The mice of both groups received the same 
amount of carcinogen, 19 semi-weekly applications of a 0.3 per cent solu- 
tion of 3:4-benzpyrene in benzene given by means of a dropper to the 
skin of the interscapular area. The experiment was continued for 60 weeks 
after the first application of the carcinogen. The mice of the restricted 
group (A5) received 2.3 grams of the basic ration, while those of the 
control group (AQ) received the same amount of basic ration plus 1.9 
grams of corn starch. The mice of the restricted group maintained an 
average weight of 20 to 22 grams, while those of the ad libitum control 
group grew normally, reaching a maximum average weight of 34 grams. 
Only 11 tumors arose in the restricted group, in comparison with 32 in 
the control group fed ad libitum. ‘Thus, a calorie-restricted diet inhibited 
the formation of skin tumors induced by a carcinogenic hydrocarbon. 

FicureE 1 represents the results obtained in an experiment with the 
sarcoma induced by 3:4-benzpyrene (a single subcutaneous injection, in 
the interscapular area, of 0.2 mg. of the carcinogen in 0.2 cc. of an oily 
fraction of lard). The curves of cumulative number of mice with induced 
sarcomas are given for the control group (N12) and the corresponding 
calorie-restricted group (N15). Here, again, the inhibiting effect of a 
calorie-restricted diet is seen. 

The results of these three typical experiments, utilizing different types 
of tumors, are representative of many experiments performed in this 
laboratory. In every investigation, it was found that caloric restriction 
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N12: Ad Libitum 


N15: Restricted 


Number of Mice with Sarcomas 


10 20 30 40 50 60 
Weeks After Injection of Carcinogen 


Ficure 1. Inhibition of the formation of induced sarcomas by means of a calorie-restricted 
diet. 50 animals in each group at beginning of experiment. 


inhibited the formation of tumors. This inhibition was characterized by 
both a decrease in the total number of tumors and a delay in the average 
time of appearance of the tumors. 

Ficure 2 is a general summary chart of the investigations concerned 
with the inhibitory effect of underfeeding or caloric restriction on tumor 
genesis. It represents the experiments performed in our laboratory as 
well as those of other investigators. The chart was prepared before the 
publication of the experiments of Larsen and Heston on spontaneous 
pulmonary tumors (1945), those of Rusch, Johnson, and Kline (1945b) 
on induced sarcomas, and our experiments with the spontaneous hepa- 
tomas in male C3H mice. The results of these investigations are not given 
in the figure, but are in agreement with those shown. . 

The chart depicts the effects of underfeeding or caloric restriction on 
five different types of tumors in mice: spontaneous mammary carcinoma, 
induced skin tumor, induced sarcoma, primary lung adenoma, and leu- 
kemia. The total height of the bar (cross-hatched and black) represents 
the incidence of tumors in the ad libitum or full-fed control group, while 
the lower component of the bar (cross-hatched) represents the incidence 
of tumors in the experimentally restricted group. The black portion of 
the bar, therefore, represents the inhibiting effect of the restricted diet. 

Those bars which have an experiment number below represent inves- 
tigations performed in this laboratory; those of other investigators are 
indicated by an appropriate initial. When there is no letter above the 
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bar, caloric restriction was achieved by limiting all components propor- 
tionately (simple underfeeding), by giving the restricted mice a fraction 
of the ad libitum ration. When C is above the bar, it implies carbohydrate 
restriction only; C+-F above the bar indicates that the restriction was 
achieved by limiting both carbohydrate and fats. 

It is to be noted that all five types of tumors respond to caloric 
restriction in the same way: fewer mice develop tumors. In the early 
experiments (Tannenbaum, 1940a, 1942) we chose four different kinds 
of tumors. These randomly selected types of tumors, readily available 
for investigation, were all affected by caloric restriction. It appeared, 
therefore, that there must be some generality in the effect. Since then, 
excellent investigations by Visscher and associates (1942), Saxton, Boon, 
and Furth (1944), White and her associates (1944), Rusch and associates 
(1945a, 1945b), and Larsen and Heston (1945) have confirmed these 
observations and have extended them to other tumor types and to spon- 


EFFECT OF UNDERFEEDING ON THE INCIDENCE OF TUMORS 
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were drawn from Tannenbaum, 1940a, 1942, 1945a, 1945b; experiments N65, a25, a5 from 
unpublished data. 


Percent Mice with Tumors 


10 ANNALS NEW YORK ACADEMY OF SCIENCES 


taneous and induced leukemia. We now have data indicating that the 
spontaneous hepatoma of the C3H male mouse is affected in the same 
way (Tannenbaum, 1945b). Thus, at least 8 different types of tumors 
and leukemia of the mouse are inhibited by caloric restriction. Further- 
more, as yet no tumor has been found that does not respond in this way. 


There are probably many factors that affect the actual degree of inhibi- 
tion that occurs in a particular experiment. For example, it is likely 
that the kind of tumor is such a factor (see FIGURE 2). Without discussing 
the details of each experiment, it appears that, as a whole, the spontaneous 
mammary and lung tumors, and spontaneous hepatoma are inhibited by 
caloric restriction to a greater extent than are the induced skin tumors 
which, in turn, respond more readily than the induced sarcoma. ‘These 
differences may be due to the relative malignancy of the tumors. The 
dosage of carcinogen (endogenous or exogenous), the degree of caloric 
restriction, to be discussed next, and other experimental conditions un- 
doubtedly are important in the modification of the extent of the caloric 
effect. With the proper choice of tumor or dose of carcinogen, and a 
greatly restricted caloric intake, tumor formation may be inhibited to the 
extent that none appears. However, it is more important to stress the 
general nature and effect of caloric restriction than to emphasize the 
sensational effect (no tumors at all) that may occur through a combina- 
tion of proper experimental conditions and drastic caloric restriction. 


Effect of Varying the Degree of Caloric Restriction. Most of the 
investigations on the effect of caloric restriction have been performed 
by feeding the experimental group approximately 60 per cent of the caloric 
intake of the control group. It would be important if smaller degrees 
of restriction would also result in a significant effect. It was with this in 
mind that investigations utilizing graded caloric intakes were performed 
(Tannenbaum, 1945a, 1945b). 

These experiments employed the spontaneous mammary tumor, spon- 
taneous hepatoma (unpublished), and the induced skin tumor. The 
restricted diets, which differed from one another and from the ad libitum 
diet only in the amount of carbohydrate, ranged from approximately 
60 to 90 per cent of the ad libitum diet, in caloric value. This was accom- 
plished by feeding the restricted groups and the ad libitum group of a 
particular series the same amount of Purina Fox Chow meal and skimmed 
milk powder, and adding different amounts of corn starch to the several 
diets. 


Though space does not permit a detailed review of these experiments, 
it can be said that, in general, the results indicate that the inhibition of 
tumor formation is dependent on the degree of caloric restriction, that is, 
the lower the caloric intake the greater the tumor inhibition. A tentative 
curve, based on the actual results, of the relationship of graded caloric 
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ic Response) 


ping Tumors 


Percent Mice Develo 
(Scale Dependent on Carcinogen 


60% 10% 80% 90% 100% 
Mean Daily Caloric Intake 


(expressed as percent of ad-libitum caloric intake) 


FicurE 3. Tentative composite curve showing dependence of tumor incidence on degree of 
calorie restriction (restriction in carbohydrate only). 


restriction to the formation of spontaneous mammary tumor, spontaneous 
hepatoma, and induced skin tumor is given in FicuRE 3, At the present 
time, the evidence suggests that the curve has a modified f shape. Under 
certain experimental conditions, this may be quite obvious, while under 
others it may be difficult to distinguish from a linear relationship, par- 
ticularly if only a few scattered levels of caloric restriction are studied. 


Effect of Dosage of Carcinogen. ‘The question arose as to whether 
the effect of caloric restriction on tumor formation might be obliterated 
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in such instances where the carcinogenic stimulus is massive rather than - 
moderate or mild. This has been tested in an experiment (Tannen- 
baum and Silverstone, 1946a) where 4 groups of mice were utilized : 
2 of the groups were placed on a calorie-restricted diet, one receiving a 
moderate and the other a massive dosage of carcinogen. Each of these 


TABLE 3 


Tue Errects or CALoric RESTRICTION AS INFLUENCED BY DOSAGE 
oF CARCINOGEN 


Time of appearance of skin tumors in weeks 


Significance* 

f 

0.3% Per- 9 
Bencnytene Num- |centage Difference | difference 

in ber of of Vari- | between 
benzene Diet mice | tumors| Mean ance means t Ee 
ad-libitum 
Moderate (AO) 49 65 |28.3 = 2.4| 178 

dosage | 


(19 appli- | calorie- 
cations) | restricted | 50 22 138.0 + 4.0] 172 
(A5) 


ad-libitum 
High (A60) 49 96 16.3 = 0.5] 10.3 
dosage —§ |_—— | —— | ——__|—__|—__ 4.4 
(50 appli- | calorie- 
cations) | restricted | 48 90 |20.7 + 0.7} 18.3 
(A65) 


1+ 


0.81} 5.5 |<.001 


*t and P refer to Fisher’s test for the significance of the difference between two means 
(Fisher, 1938). The values for the groups given the massive dosage of carcinogen have 
“greater” statistical significance. 


groups had its own control fed an ad libitum diet. The results are shown 
in TABLE 3. The effect of caloric restriction on tumor incidence observed 
with the moderate dosage of carcinogen was obliterated by the massive 
dosage. In contrast, the massive dosage actually emphasized the statistical 
validity of the difference in the mean time of appearance of the tumors. 
Thus, even with a massive dosage of carcinogen, the effect of caloric 
restriction on tumor formation is still apparent. 


Caloric Restriction During Different Stages of Carcinogenesis. 
On three occasions, experiments had been performed on the effect of 
caloric restriction on the formation of mammary carcinoma in DBA 
females. The experiments differed in the type of diets used, but in each 


case a striking inhibition of tumor formation was observed. The data are 
briefly given in TABLE 4. 
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TABLE 4 


Errect oF INsTITUTION oF RESTRICTED Diets AT DIFFERENT AGES ON THE 
FoRMATION OF SPONTANEOUS MAMMARY TuMoRs IN DBA MIcE 
vee ee Se a ee a a 
———————XXXX===EEEIIE————EEE 

Mice developing mam- 


nae Experi- mary tumors by 20, 
: Number of mice in |mental diets months of age 
Experimental groups group started at 


; we =. 7]... 4 average’ | Restricted | ad libitum 
Restricted | ad libitum | Restricted |ad libitum |age) months] percent | per cent 


a (a Oe Oe 


F15 F12 44 44 9 oS 25 
F25 F32 50 50 5 2 40 
N45, N42 50 50 2 0 38 


One noteworthy difference in the experiments was the age of the mice 
at the time the investigations (and the experimental diets) were started. 
This was 9, 5, and 2 months, respectively. The comparable inhibitory 
effects on tumor formation obtained in these 3 experiments suggested 
that the formation of spontaneous mammary tumors in the DBA strain 
can be inhibited if caloric restriction is instituted at any time before 
9 months, which is the time when tumors begin to appear. This further 
suggested that the inhibitory effect of caloric restriction may be exerted 
chiefly during the period in which tumors appear, rather than in the 
previous period of carcinogenic preparation of the mammary tissue. This 
concept was confirmed in an experiment (Tannenbaum, 1944) in which 
different groups were all given carcinogen applications to the skin but 
varied as to the time at which the calorie-restricted diets were instituted. 
Caloric restriction produced its effect even when instituted just before 
the tumors began to appear. 


Implications of Caloric Restriction. The inhibitory effect of caloric 
restriction on tumor formation has significance in other fields of cancer 
research. It is possible that a particular experimental procedure may 
retard the growth or decrease the food intake of the experimental animal. 
In such instances, any inhibitory effect on the formation of tumors may 
have no direct dependence on the experimental procedure, except as the 
latter affects body growth and caloric intake. For example, we have 
found that such diverse procedures as the incorporation of sodium fluoride 
or dinitrophenol in the diet, or keeping the experimental mice in a cold 
room (at about 50° F.) on a caloric intake equal to that of control mice, 
markedly inhibited the formation of spontaneous mammary tumors 
(Tannenbaum and Silverstone, 1946b). The sodium fluoride caused a 
voluntary restriction of food intake, while the other two procedures accele- 
rated the metabolic rate (however, since food intake was not permitted 
to increase, the resultant effect was an imposed “restriction”). In all 
three cases, the animals weighed decidedly less than the control mice. It 
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is very likely that the decreased incidence of mammary carcinoma was 
not principally dependent on the sodium fluoride, dinitrophenol, or the 
low environmental temperature, but was rather mediated through their 
effects on food intake, food requirement, and body growth. 


EFFECTS OF CALORIC RESTRICTION ON THE 
GROWTH OF TUMORS 


There are many reports on the retarding effect of underfeeding on the 
“srowth” of transplanted tumors (Moreshi, 1909; Rous, 1914; Sugiura 
and Benedict, 1926; Bischoff and associates, 1935). Later, Bischoff and 
Long (1938) demonstrated that the inhibition of growth was due to 
caloric restriction per se (restriction of either starch or fat only). In at 
least some of these investigations, there was not a clear separation between 
the establishment and the growth of the tumors. 

In this laboratory, the effects of either simple underfeeding or caloric 
restriction on the growth of tumors, already established, have been studied. 
Spontaneous mammary carcinoma arising in underfed or calorie-restricted 
mice appears to grow at approximately the same rate as tumors arising in 
full-fed controls (Tannenbaum, 1940a). On the other hand, the rate 
of growth of this same type of tumor arising in full-fed animals is signifi- 
cantly diminished when the animals are subsequently underfed. 

Sarcomas induced by subcutaneous injection of 3:4-benzpyrene grow 
at only a slightly lower rate when formed in underfed animals (Tannen- 
baum, 1942). Sarcomas arising in full-fed mice grow at a slower rate 
after the animals are placed on a calorie-restricted diet, but the mean 
life span of the sarcoma-bearing mice is not increased by the underfeeding 
(unpublished) . 

In experiments with transmitted mouse leukemia, Flory, Furth, Saxton, 
and Reiner (1943) found that, with some strains of leukemia, under- 
feeding, as compared with an ad libitum diet, prolonged the lives of 
animals previously given intravenous inoculations of leukemia cells. In 
one experiment with myeloid leukemia 106, the average survival of 
underfed mice was 29 days, in comparison with 16 days for the control 
mice. On the other hand, in experiments with myeloid leukemia 1712, 
the average life span was unaffected or even shortened somewhat by 
underfeeding. In these investigations, the underfeeding was begun the 
day after inoculation, and the question arises as to whether the under- 
feeding delayed the establishment (“take”) of the leukemia or actually 
inhibited subsequent proliferation (growth). 

It appears that underfeeding or caloric restriction is not a practical 
means of affecting the growth of established tumors. Drastic caloric 
restriction can retard the growth of a tumor, but at the same time the 
body weight of the host also diminishes. It is questionable if the life span 
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of the tumor-bearing animal can be significantly increased by this pro- 
cedure. 


POSSIBLE ROLE OF CALORIC RESTRICTION 
IN HUMAN CANCER 


For many years, insurance companies have been studying the rela- 
tionship of various factors to the principal causes of death. Some of these 
studies consider the relationship of body weight to cancer mortality. A 
typical study is that of Dublin, who used approximately 192,000 records 
(1887-1921) of the Union Central Life Insurance Company for an 
analysis of cancer mortality. In this study, the policy holders, men who 
had bought insurance at 45 years of age and over, were classified accord- 
ing to weight at issue of policy. The distribution of cancer mortality with 
regard to weight is shown in TABLE 5. This study reveals a sufficiently 
consistent gradation in mortality rates to indicate that cancer incidence 
increases with increasing weight. 


TABLE 5 
Cancer mortality per 
Weight at issue of policy hundred thousand 
25 per cent or more overweight 143 
15 to 25 per cent overweight 138 
5 to 15 per cent overweight 121 
Normal weight 111 
5 to 15 per cent underweight 114 
15 to 50 per cent underweight 95 


A review (Tannenbaum, 1940b) of this and five other available insur- 
ance statistics studies indicated that individuals who are overweight when 
past middle age are more likely to die of cancer than are persons of 
average weight or less. Coupling these results with those obtained with 
mice, it was concluded that the avoidance of overweight might result in 
the prevention of a considerable number of cancers in humans or, 
at least, the cancer process may be delayed in time of appearance. 

It is to be emphasized that the foregoing statement refers to the forma- 
tion of tumors. Present evidence suggests that it is unlikely that caloric- 
restriction is a practical means of affecting the growth of an established 
tumor. However, there are reasons for believing that caloric restriction 
might have an inhibiting effect upon the establishment of tumor emboli 
or, possibly, very recently established metastases. 


SUMMARY 


There is considerable experimental evidence that caloric restriction 
inhibits the genesis or incidence of all types of mouse tumors that have 
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been studied, namely, induced skin tumors, induced sarcomas, spontaneous 
mammary carcinomas, spontaneous lung adenomas, spontaneous hepa- 
tomas, and spontaneous and induced leukemia. Fewer mice develop 
tumors, and these appear, on the average, at a later time. The inhibitory 
effect is dependent on the degree of caloric restriction, the type of tumor, 
and the dosage or potency of the carcinogen. It is probable that the 
main influence occurs during the development of the tumor rather than 
during the preparatory stage. 

The growth of tumors can be inhibited by caloric restriction, but the 
host also loses weight. Present evidence does not suggest that caloric 
restriction may affect the growth of tumors in a practical, useful way. 


a 
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STUDIES ON THE MECHANISM OF THE EFFECTS 
OF FATS AND OTHER DIETARY FACTORS ON 
CARCINOGENESIS BY THE AZO DYES * 


By J. A. MILLER 


McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin 

One phase of the studies! by the Wisconsin groupt on the carcinogenic 
azo dyest has concerned the great effect that diet can exert on the activity 
of these substances for the liver of the rat. In our initial studies,” ? we 
confirmed both the report of Nakahara e¢ al.* that the inclusion of 10 
per cent whole liver powder in the diet would greatly retard the devel- 
opment of liver tumors in rats fed p-dimethylaminoazobenzene, and the 
duplication of this effect in terms of high riboflavin and casein supple- 
mentation as later reported by Kensler et al.5 Our subsequent work was 
directed towards (1) the development of a satisfactory purified diet for 
the production of liver tumors in the rat by feeding this azo dye and 
(2) an assay procedure for evaluating the effects produced by changes 
in this diet. For assay purposes, we have routinely fed the test diets 
containing 0.06 per cent of p-dimethylaminoazobenzene for 4 to 4Y/, 
months to young adult rats of the Sprague-Dawley strain,§ ascertained 
the tumor incidence and the degree of cirrhosis at this time by performing 
laparotomies, and made the final tumor count after 2 additional months 
on the same diet without the dye to allow latent tumors to develop. The 
composition of the purified diet which has proved satisfactory under these 
conditions is given in TABLE 1. In general, when 2 mg. of riboflavin were 
added per kg. of diet, a tumor incidence of about 30 per cent was obtained 
at 4 to 4% months, although occasionally no tumors were detected at 
this time. By 6 to 6% months, 50 to 80 per cent of the rats had devel- 


oped neoplasms in the liver, which establishes a convenient range for the 


detection of both the stimulation and the inhibition of tumor develop- 
ment by changes in this diet. While most of our work has been done 


_ with dye-feeding periods of 4 months followed by 2 months on the dye- 


free diets, within the past year and a half the Sprague-Dawley rat has 


‘appeared to be somewhat less susceptible to tumor development with 


this diet. Accordingly, we now either feed the diet containing 2 mg. of 


* These studies were aided by grants from the Jane Coffin Childs Memorial Fund for Medical 


Research, and from the National Cancer Institute. 

+ Most of this research has been carried out by Dr. E. C. Miller, Mr. B. E. Kline, Prof. 
H. P. Rusch and myself at the McArdle Memorial Laboratory, and by Prof. C. A. Baumann 
and his associates in the Department of Biochemistry. 

{For a summary of the research on these dyes through 1944, see reference 1. 

§ Sprague-Dawley, Inc., Madison, Wisconsin. 
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riboflavin per kg. for an extra 2 weeks, or lower the riboflavin content 
to about 1.5 mg. per kg. to obtain the tumor incidences previously 


reported. 
TaBLe 1 


ControL Diet ror Mepium Tumor INCIDENCE 
(grams per kilogram) 


Casein (vitamin low) 120 
Glucose 790 
Corn oil 50 
Salts mixture 40 
p—Dimethylaminoazobenzene 0.6 
Riboflavin 0.001-0.002 
Thiamine hydrochloride 0.003 
Pyridoxine hydrochloride 0.0025 
Calcium pantothenate 0.007 
Choline chloride ; 0.030 
Halibut liver oil 1 drop/rat/month 
TABLE 2 


Dietary Factors THAT ALTER THE CARCINOGENICITY OF 
p—DIMETHYLAMINOAZOBENZENE 


Tumor incidence at 


4% months 


(end of dye 
Diet feeding) 61% months 
Control (5% corn oil) per cent per cent 
0-30 50-80 
High riboflavin (5X control) 0 0 
Hydrogenated coconut oil (HCNO) 0 0-8 
Fatty acids of HCNO 0 0 
Lauric acid (242%) 0 0 
Low fat 0 20 
Egg white 0 0-14 
Detergent (0.25%) 0 0 
Rice bran extract (2% “Vitab”) with crude 60-80 
casein (5% months) 
Corn oil (20%) 80-100 100 
(5% months) 
Low riboflavin (%X control) 60 90 


TABLE 2 is a summary of some of the effects which changes in diet 
have on the carcinogenicity of p-dimethylaminoazobenzene. Complete 
protection against tumor formation was obtained if the riboflavin con- 
tent of the control diet was raised to 10 mg. per kg., 5 times the level 
in the control diet. This is a duplication of the riboflavin-casein effect 
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observed with the rice-carrot diet,> since the diet contained adequate 
protein. A similar protective effect has been obtained by replacing the 
corn oil in the diet by hydrogenated coconut oil, the fatty acids of this 
fat, or its chief constituent, lauric acid.*. 78 If the corn oil was replaced 
by glucose, the resulting low fat diet allowed only a low tumor incidence® ®. 
The latter diets are characterized by their low content of the essential 
fatty acids. The typical syndrome produced by a lack in these nutrients 
appeared after the diet was fed for 2 to 3 months, but the prevention of 
this deficiency by ethyl linolate supplementation did not affect the tumor 
incidence’. The tumor incidence was also very low when the casein in 
the diet was replaced by egg white1? at equivalent riboflavin levels, even 
though the resulting biotin deficiency syndrome was prevented by the 
injection of sufficient biotin. More recently, we have found that the 
addition of 0.25 per cent of either of two commercial synthetic detergents, 
known as Penetrants 4 and 7,* completely prevented the appearance of 
tumors by 6 months.1!_ Conversely, the tumor incidence obtained with 
the control diet can be increased to 60-100 per cent at 4 to 4% months 
and to 90-100 per cent at 5%, 6, or 6% months, by (1) replacing the 
crystalline B complex in the diet by a rice bran extract characterized by 
low riboflavin content, (2) lowering the riboflavin content of the diet 
to 1 mg. per kg., or (3) raising the level of corn oil in the diet to 20 per 
cent.? 

TaBLeE 3 presents, in detail, the effect of two of these strong dietary 
inhibitors, riboflavin and hydrogenated coconut oil, on a carcinogen 
stronger than p-dimethylaminoazobenzene and a carcinogen weaker than 
this dye.1* 13 m’-Methyl-p-dimethylaminoazobenzene is about twice as 
active as the unsubstituted dye, since the tumor incidence when 0.032 
per cent of the m’-methyl compound was fed for 4 months was slightly 
higher than that obtained with twice the molar level or 0.060 per cent 
of p-dimethylaminoazobenzene. However, the inhibition obtained with 
riboflavin and hydrogenated coconut oil was not nearly as marked, even 
when the more active dye was fed at low levels, as when p-dimeth- 
ylaminoazobenzene was given. Similarly, these inhibitors showed only 
small effects in a single experiment in which a high level (1% molar) 
of a weak carcinogen, o’-methyl-p-dimethylaminoazobenzene, was em- 
ployed. Hence, some of the dietary effects known for p-dimethylaminoazo- 
benzene may be relatively specific for this dye. 

A common basis has been sought for the effects produced by the several 
changes in the control diet on the carcinogenicity of p-dimethylaminoazo- 
benzene. Since complete protection against tumor formation by 6 months 
can be effected simply by lowering the concentration of the azo dye in 
the diet from 0.06 to 0.03 per cent,® we studied both the stability of the 
dye in these diets and its metabolism under different dietary conditions. 


* Branched chain alkyl sulfates manufactured by Carbide and Carbon Corporation. 
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TABLE 3 
Errecr or Diet on THE ACTIVITY OF A STRONG AND A WEAK CARCINOGEN 


Liver tumors 
ime. || == INC Sativc 


Percentage dye was | At end of Two survivors 
of dye in fed dye feed- | months 2 months 
diet Diet months ing later Per cent later 


——— 


m’-Methyl-p-dimethylaminoazobenzene 


.048 Control 3 6/13 11/13 83 
ss HCNO * 6/14 12/14 86 2 
< High riboflavin 4 yale, 9/15 60 4 

.032 Control 4 9/15 a TO) 80 3 
i HCNO 5 By Als ays: 53 5 
2 High riboflavin % 5/15 7/15 47 6 

.026 Control a 3/14 —= 21 — 
§ HCNO 4/14 — 36 a= 
Mi High riboflavin cc 1/14 — 7 — 


o’-Methyl-p-dimethylaminoazobenzene 


.096 Control 4 1/14 9/14 64 2 
ss HCNO s 4/13 6/13 46 4 
ie High riboflavin < 3/13 By Ale 38 7 


Studies showed that the control diet could be exposed at room tempera- 
ture for at least 1 to 2 months without any destruction of p-dimethyl- 
aminoazobenzene or development of obvious rancidity.* However, once 
the diets containing corn oil became rancid, destruction of the dye was 
found. As one would expect, neither rancidity nor destruction of dye was 
obtained with the low fat or the hydrogenated coconut oil diets, although 
they are protective in nature. Kensler!* has observed a rapid demethyla- 
tion of p-dimethylaminoazobenzene in one of his freshly mixed diets. 
However, we have found no evidence of demethylation* prior to inges- 
tion with any of our diets, unless they were rancid. When a corn oil 
diet was exposed, at room temperature, for 3 months, at least 50 per 
cent destruction of the dimethyl compound occurred, as well as variable 
amounts of demethylation to p-monomethylaminoazobenzene. No 
p-aminoazobenzene was detected. Perhaps it should be recalled here 
that the dimethyl and monomethyl compounds are, essentially, equally 
strong carcinogens,'* whereas p-aminoazobenzene is non-carcinogenic.! 
Since we mix our diets for only 10-day feeding periods and even refrigerate 
the high fat diets, it does not seem possible to ascribe any of the dietary 


* See reference 1° for method. 
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effects which we have observed to loss or alteration of the dye prior to 
ingestion. We have recently found that the demethylation occurring in 
the rancid diet can be duplicated, within a few days, with a more purified 
system, that is, p-dimethylaminoazobenzene can be demethylated to 
p-monomethylaminoazobenzene in the presence of autoxidizing linoleic 
acid with yields of up to 85 per cent and with a loss of dye amounting 
to approximately 5 per cent after 5 days. Small amounts of p-aminoazo- 
benzene appeared early in the oxidation but disappeared later. 

We have also determined the levels of the 3 free azo dyes found in the 
body after p-dimethylaminoazobenzene was fed in these diets.!4_ No sig- 
nificant changes were found in the amounts of these dyes in the liver or 
in the level of p-aminoazobenzene in the blood. The level of the latter 
dye in the blood would seem to be a useful indicator of absorption, since 
its level in the blood varies directly with the concentration of p-dimethyl- 
aminoazobenzene in the diet.1+ Likewise, the urinary levels of the amino 
metabolites of the dye, which are predominantly p-aminophenol and 
p-phenylene diamine in conjugated form, and which together account 
for nearly 50 per cent of the ingested dye, were unaffected by dietary 
changes.17,18 The metabolic fate of the remaining dye, and possible 
variation under any of these dietary conditions, are still to be determined. 

Recently, we have made analyses of the liver for 3 B vitamins which 
have suggested a factor that appears to be common to many of the 
dietary effects observed. Groups of rats were fed p-dimethylaminoazo- 
benzene in various diets for 19 weeks, and the dye-free diets for 8 weeks 
thereafter. Other animals received the dye-free diets for either 6 or 19 
weeks, the times at which the livers of rats from each of these groups were 
also analyzed. The rats were kept in groups of 6 to 8 and fed weighed 
amounts of diet each day, so that the food intakes were kept at an average 
of 9 g. per rat per day. The levels of pyridoxine and biotin in the livers 
were determined by the growth of Saccharomyces carlsbergensis and S. 
cerevisiae, respectively, according to the general method of Atkin eg al.1® 
The riboflavin content was determined by the fluorometric method of 
~ Conner and Straub.2® The choice of the latter vitamin for analysis is 
obvious, because of its ability to inhibit the carcinogenic activity of the 
dye. Similarly, pro-carcinogenic effects have been claimed for both 
pyridoxine and biotin. Though it has been found that a deficiency in 
pyridoxine retards tumor development due to p-dimethylaminoazobenzene, 
it was not included in TABLE 2, since the effect has not been entirely 
consistent and a relatively severe deficiency is needed to obtain protec- 
tion.» 24. In contrast to a pyridoxine deficiency, the inhibitors listed in 
TABLE 2 allow the rat to gain weight and even consume more dye than 
those fed the more carcinogenic diets. The pro-carcinogenic action of 
biotin has been obtained by du Vigneaud et al.** and confirmed by 
Harris, Krahl, and Clowes.* In each instance, the effect was obtained 
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with diets high in riboflavin. Thus, it seemed important to determine 
how the levels of these two vitamins, which have been implicated in 
stimulating tumor development, varied with the protective character of 
our diets. In FicurE 1, the levels of pyridoxine and biotin in the livers 
are shown, at 19 weeks. The results are expressed as micrograms of the 
vitamin per gram of fresh weight. Similar results were obtained when 
the levels were calculated on a fat-free dry weight or on a nitrogen basis. 
The diets are grouped according to tumor incidence, and each bar rep- 
resents the average content of at least 3 livers. Since similar data at 
6 weeks were quite comparable to these, it appears that the levels were 
stable. by that time. Administration of the dye lowered the level of each 
vitamin in the liver in nearly every case; the drop observed with the low 
fat diet was not significant. However, the amount of the decrease caused 
by the dye did not seem to be correlated with tumor incidence, and it 
should be noted that there is no evident correlation between the pyridoxine 
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or biotin contents of these livers and the protective character of the diet. 
The relatively low biotin content of the egg-white group was not sur- 
prising, although these animals received 2 pg. of biotin per rat 3 times 
each week by subcutaneous injection. This prevented any outward defi- 
ciency symptoms but did not alter the high protection offered by the diet.!° 
The low level of biotin in the livers of the animals fed the control diet 
plus 0.25 per cent detergent is noteworthy, although these rats showed 
no symptoms of any deficiency, grew well, and had macroscopically normal 
livers at 6% months. All of the liver tumors were lower in their contents 
of these two vitamins than the normal livers or the contiguous liver tissue 
of the host. This is in general agreement with the findings of other 
investigators for these and other vitamins in the type of tumor under 
discussion, as well as in others. In particular, the biotin levels reported 
here agree well with previously published values.24 However, the 
pyridoxine content of the tumors given in FiIcuRE 1 is decidedly higher 
than those reported by the Texas group.*® This may be due to differ- 
efices in the pyridoxine content of the diets and the procedure used for 
its liberation. 

In contrast to the results just discussed, the level of riboflavin in the 
liver correlated fairly well with the ability of a diet to protect against 
tumor formation. The data on this vitamin are given in FIGURE 2. Here, 
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Ficure 2. The levels of riboflavin in the livers of rats fed p-dimethylaminoazobenzene in 
various diets. 
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again, the dye produced a drop in the level of the vitamin in the liver 
that seems to be irrespective of the diet. Relatively low riboflavin levels 
of 9.6 to 10.6 micrograms per gram were found in the diets which per- 
mitted a high tumor incidence. The diets which gave medium to low 
tumor incidences produced medium riboflavin levels in the liver, of 13.4 
to 15.2 micrograms per gram, respectively. The diets that offered nearly 
complete to complete protection at 6 months produced the highest levels 
of riboflavin in the liver, varying from 15.3 to 19.4 micrograms per gram. 
Thus, a high riboflavin level in the liver was maintained on the protective 
diets, even though the intake of riboflavin in several cases was relatively 
low. The range of the values for the livers bearing tumors was 9.0 to 
11.9 micrograms per gram, with an average of 9.8 micrograms per gram. 
Again, the tumors were low in riboflavin, with an average of 4.4 micro- 
grams per gram. The values given for the livers and the tumors in the 
high tumor incidence groups correspond to those previously published 
by others’ for the rice-carrot diet, the diet that has been widely used 
for producing a high incidence of tumors with this dye. While no explana- 
tion is at hand for the effects produced by these diets on the level of 
riboflavin in the liver, it seems likely that at least part of the effect may 
be ascribed to intestinal synthesis of riboflavin. 

Other experiments from this university support the above data on the 
importance of the riboflavin content of the liver to carcinogenesis by 
certain of the azo dyes. Thus, Griffin and Baumann?® have found a 
rough correlation between the carcinogenicity of several azo dyes and 
their respective abilities to alter the level of riboflavin in the liver of the 
rat. m’Methyl-p-dimethylaminoazobenzene, the most active carcinogenic 
azo dye known, produced a much greater reduction of riboflavin in the 
liver than the very weak carcinogens, p’-methyl-p-dimethylaminoazoben- 
zene and o-aminoazotoluene. Carcinogens of intermediate activity, such 
as p-dimethylaminoazobenzene and o’-methyl-p-dimethylaminoazoben- 
zene, produced intermediate levels of riboflavin, while the non-carcinogenic 
azo dyes, such as p-aminoazobenzene and azobenzene, produced only a 
slight drop in the level of this vitamin. 

In summary, it appears that the level of riboflavin in the liver of the 
rat is an important factor in determining the probability that a given 
liver will develop a tumor when p-dimethylaminoazobenzene is fed in 
various diets. Since other workers have not found a similar effect with 
spontaneous mammary tumors”? or with tumors due to methylcholan- 
threne,** it is possible that the action of riboflavin in counteracting 
carcinogenesis with this dye occurs prior to the carcinogenic process, ¢.g., 
through detoxication. However, enzymatic systems containing riboflavin 
may be involved directly in the carcinogenic process initiated by the dye. 
In any case, the effect of riboflavin should be a good tool in further 
attacks on the nature of this carcinogenic process. 
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EFFECT OF DIET ON THE PRODUCTION OF LIVER 
TUMORS IN THE RAT BY N,N-DIMETHYL-p- 
AMINOAZOBENZENE 


By CG. J. KensLer 
Laboratories of the Memorial Hospital, New York, N. Y. 


The production of liver tumors in rats by the administration of car- 
Cinogenic azo dyes is unique in the field of chemical carcinogenesis, in 
that the diets used strikingly influence tumor incidence. However, the 
nature of this dietary effect, whether it should be attributed to altered meta- 
bolic rate or metabolic pathway of the carcinogen, changed ability of the 
cell to resynthesize one or more damaged components, or to other factors, 
is still unknown. In view of the fact that the literature on the effect of 
diet on the production of liver tumors by N,N-dimethyl-p-aminoazo- 
benzene (DMB) has been reviewed! #3 up to 1944 and that most of the 
new data will be covered by other papers in this publication, I should like 
to discuss certain areas of this problem which our group has partially 
explored. 

The discoveries of the carcinogenicity of the azo dyes,* and of the 
dependence of their action on diet,®»® were made while using a basal 
ration of brown rice. At the time our experiments were started, it 
appeared likely that the protective influence of diet might be due to one 
or more factors present in liver and yeast, and that the ensuing neoplasms 
might be the result of an “induced or conditioned deficiency”’ of this 
dietary factor or factors. Consequently, our group retained the use of this 
basal ration.6 As the work progressed, it became apparent that the influ- 
ence of diet was by no means simple. Some factors have been found 
which increase the resistance to tumor production, some enhance tumor 
production, and some have a dual action depending on the nature of the 
basal ration used. 

The protective effect of liver and yeast supplements to the basal brown 
rice ration immediately suggested the involvement of the B complex 
“vitamins in this process. Measurement of riboflavin and a_niacin- 
containing coenzyme, diphosphopyridine nucleotide, showed that the con- 
centration of these two factors was decreased in the livers of rats receiving 
the azo carcinogen N,N-dimethyl-p-aminoazobenzene (DMB) and, fur- 
thermore, that the riboflavin level in the livers of rats on the high tumor 
incidence basal’ ration was low even in the absence of the carcinogen.® 
The riboflavin levels were normal in livers of rats on a protective (liver 
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Protective Effect of Various Dietary Supplements 
against the Carcinogenic Effect of Butter Yellow 


No supplement 


@ Nicotinic acid 
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FicurE 1. Protective effect of various dietary supplements against the carcinogenic effect 
of butter yellow. 


or yeast) diet.® 1° The experiments shown in FIGURE | soon indicated 
that a riboflavin supplement, in the presence of adequate protein, increased 
the resistance of the rat to liver damage and tumor production by DMB.'° 
The protective effect of a riboflavin supplement has been confirmed on 
a variety of diets and in other laboratories, and can be considered as 
completely established. 1°; 18 


The significance of this observation remains obscure. Suggestive evi- 
dence is at hand, indicating that riboflavin enzymes may be concerned 
in tissue protein resynthesis.141° The activity of several riboflavin- 
containing enzymes is decreased in the liver of riboflavin-deficient 
animals.'® 17 Succinoxidase activity has also been reported decreased 
by one-third in livers of riboflavin-deficient rats, but not in the other 
tissues examined.'® A study from our laboratory showed that the ribo- 
flavin content of rat livers is reduced when low protein diets are fed, even 
though adequate riboflavin is administered, and that methionine, but not 
cystine, tended to counteract this effect.19 Livers from riboflavin-deficient 
rats also show a decreased ability to inactivate estradiol, although this is 
not specific for riboflavin deficiency. Thiamin deficiency and low protein 
intake, likewise, caused a failure of this function.2? Some reciprocal 
relation between thiamin and riboflavin levels in rat livers has been 
indicated.”4 
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Preliminary experiments were carried out in collaboration with Drs. 
duVigneaud and Burk, in an attempt to elucidate the protein require- 
ment. It was found*? that the complete replacement of the 36 per cent 
casein supplement by cystine, cystine and choline, or methionine did not 
afford much protection, whereas, when 18 per cent casein plus cystine 
and choline were fed, excellent protection resulted. A low riboflavin 


_ supplement also voided this protection. These experiments suggest that, 


although the methionine content of casein is probably important for pro- 
tection, there are other needs filled by the casein (other amino acids or 
unknown factors) which are necessary for the maximum protective effect. 
The work of the Wisconsin group has indicated that protein level per se 
is probably not involved.? 

Attempts were also made to achieve a protective brown rice diet by 
the use of supplements of liver and yeast fractions. Since the results 
with the yeast fractions are in general agreement with the liver extract 
experiments, only they will be presented.”* These fractions were obtained 
from Dr. Clowes of Eli Lilly. The results of our tests are shown in 
TABLE 1. A liver extract (70 per cent alcohol) proved to be highly pro- 


TABLE 1 


PROTECTION AFFORDED BY LIVER FRACTIONS 


Number 
Number Number with 
equiva- with hepatoma 
lents Days on | Number cirrhosis or 
10% DMB rats Number Jor bile duct} cholan- 
liver diet surviving} normal |hyperplasia] gioma 
Liver extract 2 139-160 20 17 3 1 
0.4 139-160 20 6 14 13 
Anti P.A. fraction Gy 150-216 10 6 4 1 
13 150-216 10 1 9 7 
Flavin concentrate 2 150-270 12 8 4 1 
Flavin residue 3 153-237 17 2 15 7 
Flavin filtrate 3 153-237 17 15 2 1 
Control diet — 124-160 13 0 13 13 


(brown rice-carrot ) 
eee eee eee eee ee 


we 


tective when fed at a level equivalent to 20 per cent whole dried liver 
(that is, 2 equivalents of a 10 per cent liver supplement, which gives excel- 
lent protection), but was practically without effect at 0.4 equivalents. A 
purified anti-pernicious anemia fraction gave good protection at 5 equiva- 
lents but very little at 1.3 equivalents. A riboflavin concentrate from the 70 
per cent alcohol fraction, fed at 2 equivalents level, gave good protection. 
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A fraction of this riboflavin concentrate, soluble in 70-83 per cent alcohol, 
at 3 equivalents, gave little protection. However, an 84 per cent alcohol- 
soluble fraction at 3 equivalents gave good protection. Thus, several 
sub-fractions of liver have been found to afford marked protection. The 
Wisconsin group have found that a 70 per cent alcohol extract of liver 
will afford protection on their low protein diet.1?_ The riboflavin, biotin, 
and nitrogen contents of our fractions will be discussed subsequently. 
Early in our work, in collaboration with Burk and duVigneaud,™ it 
was noted that the addition of biotin to a brown rice protective diet 
decreased the protection. These experiments were confirmed with 
crystalline biotin on other diets. In addition, two vitamin concentrates 
have been found to exert a similar pro-carcinogenic effect when added 
to a brown rice-casein diet. Small amounts (50 mg. per 10 g. of diet) 
of the liver flavin filtrate soluble in 84 per cent alcohol which, as the 
sole supplement (500 mg. per 10 g. of diet), gave good protection, when 
added to an otherwise protective riboflavin casein diet destroyed the pro- 
tective effect. Another supplement, ‘solvamine’, a vitamin concentrate 
from corn, when added in amounts containing 400 yg. of riboflavin 
to a brown rice-18 per cent casein diet failed to protect the animals as 
a riboflavin-casein supplement does. ‘These data are shown in TABLE 2. 


TABLE 2 
EXPERIMENTS INDICATING THE PRESENCE OF A PRO-CARCINOGENIC AGENT IN Two 
CoNCENTRATES 
Number 
Days on rats Number | Number 
Supplement diet surviving] normal | tumor 
1. 300 y Riboflavin + 18% casein + 
cystine + choline 150-252 19 15 0 
2. Same as (1) + 50 mg. flavin filtrate | 150-210 12 3 8 
3. 200 y Riboflavin + 18% casein 150 16 10 1 
4. 200 y Riboflavin + Bi + Be + P.A. + 
N.A. + K + 18% casein 150-230 9 8 1 
5. Solvamine (containing 400 y Bs) + 
18% casein 150-200 10 0 8 


On the other basal diets, the Wisconsin group have noted an increased 
tumor incidence when Vitab, a rice bran vitamin concentrate, was used.? 
Harris” has observed that liver extracts that break down protection on 
their basal diets can be replaced by an equivalent amount of biotin to 
achieve the same effect. 

The analyses of our crude supplements (liver) for riboflavin, biotin 
(by Dr. Burk), and nitrogen, indicate that in the case of the protective 
fractions we are dealing with something other than a riboflavin-protein 
protection. These results are shown in TABLE 3. The protection afforded 
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TABLE 3 


ANALYTICAL DATA ON Vartous LIVER FRACTIONS 


Amount contained in daily 


supplement Protection 
nah WET er i. oa | eu orded,as 
Riboflavin | Biotin N-total |single supple- 
lug. lug. mg. ment 
Liver extract, 2 EQ. 130 49 41.5 =F 
Liver extract, 0.4 EQ. 26 10 8.3 — 
Anti-pernicious anemia fraction, 
5 EQ. 15 .07 6.0 ++ 
Anti-pernicious anemia fraction, 

53, BO). 4 .02 15) — 
Flavin concentrate, 2 EQ. 126 30 36.6 ae 
Flavin filtrate, 3 EQ. pal 535 38.6 -+- 
Flavin residue, 3 EQ. 63 01 Boe — 
Solvamine, 100 mg. 400 01 6.4 


by the anti-pernicious anemia fraction which was low in both riboflavin 
(20 wg. per 10 g. of diet) and nitrogen (6 mg. per 10 g. of diet), is the 
most striking example. If the pro-carcinogenic activity of the liver flavin 
filtrate and solvamine is to be attributed to biotin, we shall have to assume 
that this effect can be caused by as little as 0.01 wg. of biotin per day. 

It is quite obvious that these experiments raised more questions than 
they answered. Further clarification is needed in terms of the unknown 
factors in these fractions which possess marked anti- and possibly pro- 
carcinogenic activity in DMB-feeding experiments. 


TABLE 4 


DEALKYLATION OF Azo DYES WHEN MIXED WITH A Brown Rice DIET 


anh | ~pMB |%MMB| %AB 
1. 3% DMB in cottonseed oil—fresh 100 0 0 
2. 3% DMB in cottonseed oil—4 weeks old 98.0 20) 0 
3. 0.06% DMB—brown rice—2 weeks old 69.1 Odae 3.8 
4. 0.06% DMB—brown rice—1 week old on bench 
in beaker covered with paper 61.4 SES US 
5. 0.06% DMB—brown rice—mixed and extrac- 
tion started within 20 min. 84.2 13.4 2.4 
6. 0.06% DMB—brown rice—heated at 90° C. for 
five days prior to mixing—extraction started 
within 20 min. 99.1 0.9 trace 
CG CG B 
7. 0.06% DEB—brown rice—1 week old ee BAB _ 
0, Era (4) 
8. 0.06% DE-ol-B—brown rice—1 week old ape B BAB 


ee Ee 


34 ANNALS NEW YORK ACADEMY OF SCIENCES 


During the course of a study of the levels of azo dyes in tissues, blood, 
and stomach contents of rats fed DMB, it became apparent that DMB 
was being demethylated to N-methyl-p-aminoazobenzene (MMB) and, 
to a much lesser extent, to p-aminoazobenzene (AB), when DMB in 
cottonseed oil was mixed with the brown rice diet. These data are pre- 
sented in TABLE 4. It can be seen that the bulk of the demethylated dye 
recovered was the monomethyl compound MMB. It is fortunate, in 
terms of interpreting the nutritional experiments which have been done 
using the brown rice diet, that MMB is approximately equal, in carcino- 
genic potency,2* 27 to DMB, and that DMB and MMB are apparently 
interconvertible in rat liver.28 The fact that the riboflavin and biotin 
effects were first detected using the brown rice diet, and later confirmed 
on other diets, indicates that the demethylation occurring in the diet does 
not invalidate the nutritional work. It makes it desirable, however, to 
use other diets where the dye is stable for future nutritional work. 

Recent experiments with the hydrocarbon carcinogens have indi- 
cated”®, 80 81 that the process of carcinogenesis may be divided into three 
stages, viz., the preneoplastic stage, a stage at which the process is 
reversible, and the frankly malignant stage. The concept that carcinogens 
can alter the cell so that other non-carcinogens can complete the conver- 
sion to the neoplastic stage, has had no known counterpart in the field 
of the production of liver tumors by azo dyes. Sugiura’s feeding experi- 
ments®”: 83 have shown that, if DMB is fed for less than 45 days, very 
few animals will develop tumors, no matter whether they are then fed 
a protective or non-protective diet. He has also found that, if the dye 
is fed for 80 or more days, most of the rats will develop liver tumors, no 
matter what diet they are put on after DMB feeding is stopped. If a 
protective diet is used, cirrhosis and bile duct hyperplasia are usually not 
seen, although the tumors continue to grow. However, his data for an 
intermediate period (61-63 days) indicate that the type of diet on which 
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Ficure 2. Protective influence of diet on liver tumor formation after DMB 
administration is stopped. 
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the animals are placed exerts a marked influence on the final tumor 
incidence. These results are summarized in FicuRE 2. It can be seen 
that most of the rats kept on the rice carrot diet, 29 out of 34, went on 
to develop tumors. However, only 2 out of 20 whose diet was supple- 
mented with dried milk, and 3 out of 12 supplemented with yeast, devel- 
oped liver tumor. In other words, we have here a suggestion that there 
is a stage, in the development of liver tumors by DMB, at which the out- 
come can be decisively influenced by diet alone if the administration 
of the dye is stopped. Experiments have shown that not more than a 
few micrograms of the methylated azo compound are present in the liver 
or other body tissues, except in the stomach contents when fed, at any 
time. This is in marked contrast to the 4000-6000 ug. that are destroyed 
by the rat per day. Hence, it is probable that this effect does not depend 
on increased destruction or detoxification of the azo dye but is dependent 
on the ability of the cell to restore a normal intracellular environment, 
provided the necessary building blocks are supplied in the diet during 
the critical period. Further examination of this effect should be of value 
in elucidating the role of diet in the final conversion of “damaged” cells 
into tumor cells. 

Up to the present time, no chemical evidence has been obtained which 
would indicate that the metabolic pathway of the carcinogen DMB is 
altered by the use of different diets, protective versus non-protective, 
although this point has not been adequately investigated. In the rat, 
DMB is split at the azo linkage, and the methyl groups are removed 
during the course of metabolism.*4 The Wisconsin group have reported”® 
that at least some of the methyl groups are removed before the azo linkage 
is split, and this finding has been confirmed.?® Ethyl groups are also 
removed from the “non-carcinogen” N,N-diethyl-p-aminoazobenzene 
(DEB) .¢ 

We pointed out that the aromatic diamine, p-phenylenediamine (an 
isolated metabolite of DMB), and related diamines will, when oxidized, 
inhibit enzymatic activity, presumably by combining with or oxidizing 
SH groups of the sensitive enzyme proteins.?” 37 °8 Potter#® extended 
these observations to urease and concluded that the inactivation was 
due to an irreversible combination with the SH groups of this enzyme. 
The biological data available at the time of our publications indicated 
that there might be a correlation between the carcinogenic potency of 
the azo dye and the toxicity (enzyme inhibitory activity) of the aromatic 
diamine split product derivable from it. That all azo compounds capable 
on paper of yielding the same split product did not possess the same 
carcinogenic activity was pointed out in our first paper.*’ 2-(N,N- 
dimethyl-p-aminophenylazo) naphthalene and methyl orange were listed. 
More recent evidence has shown that three closely related methyl deriva- 
tives of DMB, the 2’methyl, 3’methyl and 4’methyl compounds, all 
capable of yielding the same aromatic diamine, differ greatly in their 
carcinogenic activity. Confirmation of this finding has not appeared in 
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the literature to date, but Dr. Sugiura’s experiments with the corre- 
sponding methyl derivatives of N-methyl-p-aminoazobenzene (MMB) 
show the same variation in carcinogenic activity. A recent paper, by — 
Elson and Hoch-Ligeti,*° indicates that, in the case of urease, N,N- 
diethyl-p-phenylenediamine possesses approximately the same toxicity as 
p-phenylenediamine and less than N,N-dimethyl-p-phenylenediamine. Of. 
the three azo compounds from which these split products would be derived 
which are comparable (DEB, AB, and DMB), only DMB has unequivo- 
cally been shown to produce liver tumors. It should be pointed out that 
no attempts to produce tumors by the administration of metabolites of 
carcinogens (aromatic diamines in the case of the azo compounds) have 
been successful.41 27 26, 42 

Liver slices in vitro have been found to be capable of destroying DMB*® 
when incubated at 37° C. (see TaBLE 5). This made it appear likely 


TABLe 5 


DISAPPEARANCE OF Azo Compounps (50 wg.) WHEN INGUBATED wiTH 200 mg. 
or TissuE Suices AT 37.5°C. ror 90 MINUTES 


Average 

Number of destroyed 
Compound Tissue experiments ug. Range ug. 
DMB Normal liver 5 34.6 29.0-40.8 
DMB Liver tumor* 5 11.6 5.0-16.7 
AB Normal liver 5 38.4 31.3-44.8 


* Classified as cholangiomas on histologic examination by Dr. S. Spitz. 


that, if the carcinogen DMB were converted into toxic metabolites by 
liver cells, it might be possible to detect an inhibition of enzymatic 
activity in these slices. The only catalytic function so far investigated 
has been the oxidation of succinate. The succinoxidase system was 
selected for test, because it has been shown to be sensitive to inhibition 
by known and postulated metabolites of DMB, in our laboratory,?? by 
Potter** and, recently, by Elson and Hoch-Ligeti.#° In addition, Salter 
and his co-workers* have found that the activity of this system is decreased 
in the livers of rats, during the course of tumor production, by the oral 
administration of DMB. The activity of this system is generally quite 
low in tumor tissue, including liver tumors produced by DMB. 

As is shown in FicurE 3, the incubation of liver slices (150 mg. wet 
weight) in Ringer phosphate solution, pH 7.4, containing 100 pg. of 
DMB which was dissolved in ethanol before addition to the medium, 
resulted in a decrease of from 35 to 75 per cent of the control slice 
succinoxidase activity at the end of a 2-hour incubation period. No effect 
was noted at the 20-minute point. Presumably, the delayed inhibition 
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Figure 3. Inhibition of succinoxidase activity of rat liver slices by N,N-dimethyl-p- 
aminoazobenzene. 


is due to the conversion of DMB into metabolites which will inhibit SH 
enzymes, though this point has not been proved. No inhibition of the 
respiration of liver slices by DMB was observed in these experiments. 
This is in agreement with our earlier experiments and with the findings 
that the in vivo administration of DMB has no measurable influence on 
the Qoz of liver slices' and that the Qog of the resulting tumors is no 
lower than that of liver. Experiments are in progress to determine whether 
other closely related azo dyes, both carcinogens and non-carcinogens, will 
be destroyed to the same extent in vitro and inhibit enzymatic activity 
in the liver slices, and to ascertain whether these observations can be 
correlated with the carcinogenic potency of the azo molecules in vivo. 
It will also be of importance to ascertain whether or not the sensitivity of 
liver slices to this type of inhibition will be affected by the nutritional 
status of the rat. 

The evidence available at this time neither proves nor disproves the 
hypothesis”? that the azo dyes and, possibly, other carcinogens, damage 
cells and produce tumors because the tissue effected continuously converts 
the original compound into metabolites which will inactivate certain 
cellular enzymes, thus producing an “induced or conditioned deficiency” 
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of this component. In the case of the production of liver tumors by the 
azo dyes, the preliminary evidence, shown in FIGURE a indicating that 
there is a stage in this process at which tumor incidence can be decisively 
influenced by diet alone, when the feeding of the carcinogen is stopped, 
gives further support to this hypothesis. The recent success of two groups 
in producing liver tumors in rats by means of diet alone,** *° a chronic — 
choline deficiency, further emphasizes the possibility that chemical car- 
cinogens act by producing a local “induced deficiency” of the proper 
intensity and duration. 
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LEVEL OF PROTEIN INGESTION AND AN APPRAISAL 
IN TERMS OF PROTEIN COMPOSITION * 


By Jutius Wuitrr, Frorence R. Wuire, and G. BurroucHs MIDER 


Nattonal Cancer Institute, National Institute of Health, U.S. Public Health Service, 
Bethesda, Md., and University of Rochester, School of Medicine and Dentistry, 
Department of Pathology, Rochester, New York 


There is no doubt that the latent period of the induction of various 
types of tumors in both rats and mice can be altered by a variety of 
dietary restrictions. Tannenbaum! has established that the level of caloric 
intake is an important factor in the formation of tumors in mice. Restric- 
tion in caloric intake resulted in a marked decrease in the incidence of 
every type of tumor studied. ‘These results have been substantiated in 
other studies.” *» + Other investigators® © have shown that certain vitamins 
of the B group can prolong the latent period of tumor formation. We 
have shown’ *:® that the restriction of dietary cystine markedly retards 
spontaneous mammary tumor formation in strain C3H mice, and induced 
leukemia in the strain DBA mice. 

The retardation of body growth of young animals fed diets restricted 
either in calories or cystine does not as such explain why these animals 
develop fewer tumors and at a later time, than do the controls on a 
complete diet. Young mice maintained on a diet restricted in cystine 
and in which no body growth was apparent, showed no mammary tumors 
within a lifetime of 22 months, while the controls showed an incidence 
of almost 100 per cent. Yet, when the mice on the restricted diet were 
treated with stilbestrol, the tumor incidence rose to 44 per cent.1? This 
striking difference indicated that the dietary deficiency reduced the tumor 
incidence by affecting certain glands of internal secretion directly and, 
hence, tumor genesis indirectly. Studies indicated that the mice on the 
restricted diets were anestrous, that the mammary tissue failed to develop 
in the virgin and atrophied in the breeding female, and that implantation 
of stilbestrol pellets in these mice resulted in growth of mammary tissue. 
continuous estrus, and a rise in tumor incidence (TABLE 1). 

Young mice placed on an either cystine- or lysine-restricted diet may 
~ be equally retarded in growth. Painting with methylcholanthrene resulted 
in a low incidence of leukemia in the former group, while the incidence 
of leukemia in the latter was nearly as high as in the controls. These 
data indicate that, while dietary restriction of cystine results in a reduc~ 
tion of induced leukemia, a lysine-restricted diet has no apparent effect, 
r Grateful acknowledgment is made to Dr. W. E. Heston for supplying the mice used in 
this investigation, 
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and that the mechanism for these differences may be due to an effect on 
some hormonal system (TABLE 2). 


TABLE 2 


ErFect oF Dirt on THE RESPONSE OF DBA MicE To PAINTING WITH 
METHYLCHOLANTHRENE 


(Data taken from White, Mider, & Heston ‘) 


Mice with leukemia Mice with sclerosis 
Mean Mean 
Number latent latent 
. of period, period, 
Diet mice Number | Per cent days Number | Percent | days 
Dog chow 40 36 90 99 0 
High cystine 40 36 90 101 0 
Low cystine 40 + 10 127 32 80 144 
High lysine 36 28 78 101 2 5.6 
Low lysine 36 26 72 104 2 Deo 


The marked difference in response by mice on these two regimes sug- 
gests that cystine played a role in the development of induced leukemia 
which was, perhaps, not associated with its effect as an essential amino 
acid for growth but with some other undetermined property. 

Weissman and Schoenheimer™ have shown that lysine labeled with 
N® and administered to rats, can be steadily deaminated and yield its 
nitrogen for the formation of other amino acids. This is also true of 
other essential amino acids studied. However, only in the case of lysine 
does the reverse of this process not take place and lysine is never regener- 
ated but must be supplied as such in the diet. Because of this unusual 
property of lysine, it was felt that the study of the effect of some other 
essential amino acid on the incidence of induced leukemia was desirable. 

Accordingly, three diets were prepared in such a manner that the 
amount of cystine, lysine, and tryptophane, respectively, would be con- 
siderably restricted not to allow growth (increase in weight) but to war- 
rant indefinite maintenance. These same diets, each supplemented with 

the amino acid in which it was restricted, permitted good growth. Another 
group of mice was fed a Purina dog chow diet. 

TaBLeE 3 contains the various ingredients used in each diet. Inasmuch as 
the cystine-restricted diet was somewhat different from the one employed 
previously,” an additional comparison was made between the “new” and 

the “old” cystine-restricted diets. In our previous studies, we had used 
Ryzamin B #1 as part of our source of the vitamin B supplements, and 
liver extract (Lilly 343) to supply the remainder. However, the manu- 
facture of Ryzamin B #1 was discontinued and the product replaced 
by a Ryzamin B #2 which was a preparation nearly complete in the 
B vitamins needed. The use of liver extract was, therefore, discontinued. 
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Weanling strain DBA-mice of both sexes were used. They were allowed 
to eat Purina dog chow until they reached a body weight of 16 g. Then, 
they were distributed amongst the nine diets, so that in no case was there 
more than one mouse of the same sex and litter in the same group. 
On alternate days, the mice were painted with a 0.2 per cent ether solu- 
tion of methylcholanthrene, until 20 paintings had been applied. The 
painting site was changed with each application, as in previous ex- 
periments. 

The tryptophane-free protein was made available by treating casein 
with hydrogen peroxide according to the method of Toennies.!2_ This 
process not only destroys the tryptophane but also the methionine and 
some of the cystine. By using 3 per cent untreated casein and 7 per cent 
hydrogen peroxide treated casein, a protein preparation was obtained 
which allowed no growth but excellent maintenance. d/-Methionine was 
added to this diet, to allow for that lost during the peroxide treatment 
of the casein. 

The restricted lysine diet was made by using 18 per cent gliadin as a 
source of protein. During the course of the experiment, it became 
apparent that this level of gliadin permitted the mice to grow (gain 
weight) slightly, rather than just maintain their weight as in the cystine 
and tryptophane groups. Therefore, it was necessary to add, for com- 
parative purposes, another group in which the restriction in growth on 
the lysine diet would approach that of the cystine and tryptophane diets. 
This was readily accomplished by reducing the gliadin content* from 
18 to 14 per cent. With the exception of the animals on the “old” 
cystine-restricted and cystine-supplemented diets (Groups I and IA, 
TABLE 3) as well as the group on chow (Group VI), all mice received a 
vitamin supplement, as shown in TABLE 3. Food intake and weight 
changes were recorded semi-weekly. Each mouse was autopsied when 
evidence of leukemia was present grossly, or when the animal died from 
other causes. Sections were taken from each animal, and all gross obser- 
vations were followed by microscopic examination of stained sections. 

The results are summarized in TABLE 4. The leukemias observed were 
similar in gross and microscopic appearance to those previously described 
in dilute brown mice painted with methylcholanthrene. 

The mice that ingested the “old” cystine-restricted diet (Group I) 
showed an incidence of 27.5 per cent leukemia, as compared with 17.1 
per cent previously reported.’ The “old” cystine-restricted diet supple- 
mented with 0.5 per cent /-cystine (Group IA) showed a 92.1 per cent 
incidence of leukemia, which was the same as previously reported. The 
mean latent period for the occurrence of leukemia in these two groups 
was 131 and 106 days, respectively. 


* With the group of mice on the 14 per cent gliadin diets, an additional group of mice on the 
high cystine diet was used as a control. 


4G ANNALS NEW YORK ACADEMY OF SCIENCES 


TABLE 4 


Errect of Diet on RESPONSE OF STRAIN DBA Mice TO METHYLCHOLANTHRENE 
weet otis ash ur BP A, ie inet en ee 


Leukemia Sclerosis of aorta 
Mean Mean 
Effective | Mice latent latent 
number | without period, period, 
Diet of mice {neoplasm |Number|Per cent] days |Number|Per cent] days 
I 40 29 Bl Bil) 131 26 65.0 106 
IA 38 35 92.1 106 1 2.6 68 
II 40 19 22 55.0 113 21 52,5 Oe 
IIA 38 3 20 92.1 97 0 0 — 
Ill 39 6 33 84.6 136 2 7.9 128 
IIIA 40 5 a, 87.5 91 2 5.0 100 
IV 39 4 35 89.9 124 0 0 — 
IVA 40 4 36 90.0 110 0 0 — 
Vv 38 5 33 86.3 105 0 0 — 
VI 38 3 35 925 119 0 0 — 


Diet I : Basal cystine. 

Diet IA : Basal cystine + cystine. 

Diet II : Basal cystine (new). 

Diet IIA : Basal cystine (new) + cystine. 
Diet III : Basal tryptophane. 

Diet IIIA: Basal tryptophane + tryptophane. 
Diet IV _: Basal lysine. 

Diet IVA: Basal lysine + lysine. 

Diet V : Basal lysine (new). 

Diet VI : Chow. 


Groups II and IIA show the results obtained from animals on a diet 
similar to that of Groups I and IA. However, these animals received 
Ryzamin B #2 and other vitamin supplements instead of liver extract. 
The incidence of leukemia in Group II was higher (55 per cent), but 
considerably less than in the cystine-supplemented group (92.1 per cent). 
The mean latent periods were 113 and 97 days, respectively. A high 
incidence of sclerosis of the aorta was noted in the animals in group I 
(this was observed previously’). The mean latent period for the appear- 
ance of sclerosis was 106 days. Hence, some of these animals might have 
developed sclerosis before leukemia would be observed. The incidence 
of sclerosis in Group II was 52.5 per cent, and the mean latent period 
121 days. In this group, the mean latent period of sclerosis was greater 
than that of the mice developing leukemia, so that leukemia could have 
developed before. the onset of sclerosis. 

Groups III and IIIA, the tryptophane-restricted and supplemented 
animals, respectively, showed approximately the same incidence of leu- 
kemia, which was high in both groups. 

Groups IV and IVA, the lysine-restricted and supplemented animals, 
showed a high incidence of leukemia, about the same as the control 
animals on the chow diet. 
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Group V is the extra lysine-restricted group. This group was more 
restricted in lysine than was Group IV (14 instead of 18 per cent gliadin). 
This group was added since Group IV with 18 per cent gliadin allowed 
a slight gain in weight and was not comparable with Groups II and III. 
Group V also showed a high incidence of leukemia, being in the same 
range as Group III. The incidence of leukemia in Group II is approxi- 
mately half that found in Groups III, IV, and V. The control animals 
(Group VI) ingesting chow showed an incidence of 92.1 per cent leukemia, 
which compares favorably with previous reports.§ 

The animals ingesting the restricted cystine, lysine, and tryptophane 
diets showed an average weight change, during the first 60 days of the 
experiment, of —0.2, +-0.4, and 0.0 grams, respectively, while the animals 
ingesting the same diets supplemented with cystine, lysine, and tryptophane 
' showed average respective weight changes of +4.5, +6.2, and -++5.3 
grams. 

These results seem to indicate that the induction of leukemia in strain 
DBA mice by painting with methylcholanthrene can be markedly influ- 
enced by the restriction of cystine in the diet, whereas similar restrictions 
of the essential amino acids, lysine or typtophane, have no apparent effect. 
A similar reduction in leukemia has been produced by caloric restriction.® 
It is true that the mice on the restricted diets consumed less food per 
animal, but, based on a unit of body weight, the food consumption of 
the restricted and supplemented groups were equivalent. Furthermore, 
if one considered this as a possible effect produced by caloric restriction, 
it would be difficult to rationalize the marked decrease in leukemia in 
the cystine-restricted group and not in the lysine- and tryptophane- 
restricted groups. 

SUMMARY 

A comparative study has been-made of the effect of the restriction 
of cystine, lysine and tryptophane, respectively, on methylcholanthrene- 
induced leukemia in strain DBA mice. 

Each of the diets used was so restricted in one of the abovementioned 
amino acids that growth of young mice was prohibited but indefinite 
maintenance was possible. The same diets, each supplemented by the 
amino acid in which it was deficient, permitted good growth. 

There was no significant decrease in the incidence of leukemia among 
the mice on diets restricted in either lysine or tryptophane. 

There was a reduction in the incidence of leukemia from 92.1 per cent 
(control group) to 55 per cent in the group of mice whose diet was 
restricted in cystine. 

The data indicate that, under the conditions of this experiment, cystine 
played a role in the development of leukemia not associated with its 
properties as an essential amino acid for growth, but with some other 
attribute not yet determined. 
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CARCINOGENIC EFFECTS ASSOCIATED WITH DIETS 
DEFICIENT IN CHOLINE AND RELATED NUTRIENTS * 


By R. W. Encet, D. H. Copetanp, AND W. D. SALMoNn 


Laboratory of Animal Nutrition, Alabama Polytechnic Institute, Auburn, Alabama 


INTRODUCTION 


There is ample evidence that hepatic cirrhosis may be produced in 
experimental animals by a deficiency of choline. The importance of 
this is emphasized by the common association of hepatic cirrhosis and 
primary cancer of the liver, in man. 

In 1946, Copeland and Salmon’ reported the occurrence of neoplasms 
in 40 of 69 rats restricted to a choline-deficient diet for 8 to 16 months. 
No neoplasms occurred in 19 litter-mate control rats fed, for comparable 
periods, on the same diet, supplemented with 20 mg. of choline chloride 
per rat daily. E 

It should be noted that, in 1942, Webster® reported the occurrence of 
neoplasms in 4 of 20 rats that received an addition of cystine to a diet 
containing 8 per cent casein and 40 per cent fat. Since spontaneous 
neoplasms did not occur in animals of the same age and strain subsisting 
on similar diets without added cystine, Webster suggested a relation 
between dietary cystine and neoplasms. Although the diets used by 
Webster were not supplemented with choline, 2 of the 4 rats developing 
neoplasms received 50 mg. of betaine hydrochloride per rat daily. This 
should have provided an adequate labile methyl supply. 

In 1945, a series of experiments was begun, in this laboratory, to deter- 
mine whether neoplasms could be produced by other choline-deficient 
basal diets. Corn grits were used in some of the diets, in view of Salmon’s 
observation that this ingredient accelerated growth in rats fed diets low 

“in casein.’ These experiments are described in the following pages. 


PROCEDURE 


The composition of the diets used is shown in TaBLe 1. The dry 
ingredients were mixed thoroughly. The following accessory nutrients 
were mixed into each kilogram of diet: 50 mg. alpha-tocopherol, 5 mg. 
beta-carotene, 0.125 mg. calciferol, 2 mg. each of thiamin and pyridoxine, 
4. mg. of riboflavin, 10 mg. of calcium pantothenate, 20 mg. of nicotinic 
acid, and 200 mg. of :-inositol. The diets were stored at 1° C. and 


* Published with the approval of the Director of the Alabama Agricultural Experiment 
Station. This work was supported, in part, by a grant from The Nutrition Foundation, Inc., 
New York, N. Y. 
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TABLE 1 


PERCENTAGE COMPOSITION OF THE DIETS 


Diet No. 

Ingredient 46 46Et 47 48 49 50 

Degerminated corn 
grits 40 40 40 

Water-extracted casein 9 4.5 12 12 12 15 
I-Cystine 0.3 0.3 0.3 0.3 0.3 0.3 
Sucrose Sila 36.2 82.7 68.7 28.7 65.7 
Lard 15 15 5 15 15 
Salts 5* 4 4 4 4 “ 4 
Corn oil 1.0 


* J. Nutr. 33: 155. 1947. F 
+ One-half of the animals receiving diet 46 were changed to diet 46E at the end of 6 months, 
or when mature body weight had been reached. 


replenished at approximately 10-day intervals. Animals that served as 
controls were fed the same diets, containing 2 gm. of choline chloride 
per kilogram. 

' Weanling rats, 23 days of age and weighing approximately 45 gm., 
were housed individually in screen-floored cages and were fed daily. 
Food jars were replaced weekly. ‘The animals were from a strain of 
hooded rats developed, by inbreeding, from stock originally obtained from 
Steenbock, at the University of Wisconsin, and propagated in this labora- 
tory since 1928. 

Since it was anticipated that losses would occur from hepato-renal 
damage in the animals receiving the choline-deficient diets, the kidneys 
were palpated twice daily during the early phases of the experiment. 
Whenever kidney enlargement was noted, choline chloride was adminis- 
tered in aqueous solution by stomach tube. This therapy was repeated 
at 8-hour intervals until the first indications of recovery were apparent, 
as determined by reduction in kidney size. From 2 to 9 doses of 20 mg. 
each were required. Acute hepato-renal damage appeared most com- 
monly between the first and second weeks of the experiment, but subse- 
quent damage was not infrequent and, in some cases, recurred as late 
as 10 to 12 weeks after the start of the experiment. This method of 
administering choline during the early phases of the experiment was 
adopted because it proved to be a considerably more effective means of 
keeping losses at a minimum than did choline feeding or injection. 

Autopsy material was preserved in Bouin’s fixative, and sections of 
tissue stained with hematoxylin and eosin were, routinely, examined 
microscopically. The animals were sacrificed by carotid bleeding when 
death appeared imminent or, if death had occurred, necropsy material 
was obtained within a few hours post-mortem. 
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These experiments are still-in progress. The present report includes 
data from 18 experimental animals that succumbed or were sacrificed 
between the fifth and eleventh months of the experiment. 


RESULTS 


Growth and Symptoms. Average mature body weights of the 
animals varied, depending upon the diet fed. For all diets used, the 
inclusion of choline chloride in the diet resulted in mature body weights 
100 to 150 gm. higher than were obtained with the corresponding choline- 
deficient diets. Animals receiving diet 46 attained maximum body weights 
of about 400 gm., whereas the same diet without corn grits (diet 48) 
resulted in mature body weights of about 300 gm. Increasing the protein 
content of either of these diets by increasing the casein 3 per cent (diets 
49 and 50) increased the final body weight only slightly. The low-fat 
diet (diet 47) produced slightly poorer growth than the same diet with 
15 per cent lard. The animals fed diet 46E, from the sixth month to 
the end of the experiment, accumulated large amounts of fluid in their 
body cavities as well as in subcutaneous tissues. 

In general, the animals receiving the choline-deficient diets grew only 
moderately well during the first 6 months of the experiment. The first 
symptom of chronic choline deficiency was a general unthrifty appear- 
_ ance and decline in appetite. This was followed by moderate weight 

loss. In some cases, there was temporary recovery, which was usually 
followed by moderate to rapid failure. In those animals which had lung 
involvement, rales and hemorrhagic rhinitis were consistent symptoms 
during the latter 6 to 8 weeks of the experiment. Labored respiration 
was common in animals with severe lung damage or with hydrothorax. 

Pathology. The pathological conditions observed in the 18 animals 
that have completed the experiment are summarized in TABLE 2. 
Neoplasms of one or more types were present in 14 of the animals. 
Neoplastic changes in the lungs were the most consistent findings, occur- 
ring in 10 cases. Grossly, the involved lungs contained nodules of various 
sizes up to 1 cm. in diameter. Some of the nodules were filled with pus 
and were pliable, with purulent extrusion occurring upon incision. The 
smaller nodules were firm and usually densely cellular. Involvement 
ranged from part of a single lobe in some cases to practically the whole 
_organ in others. Neoplastic changes most commonly seen were primary 
medullary in character and originated in the bronchial epithelium. 
Metaplasia of bronchial epithelium into stratified squamous type was 
frequently observed. Near and surrounding areas of metaplasia were 
whorls and cords of epithelial-type cells which frequently tended toward 
stratification. Mitotic figures were present. The inflammatory process, 
which frequently was present in these lungs, was characterized by infil- 
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tration of blood cell elements with varying density, sloughing of alveolar 
cell linings, bronchiectasis and, in some cases, marked atelectasis. An 
increase in fibroid tissue was found in a few cases. 

Nine of the 18 animals had severe “hobnail” liver cirrhosis. In 4 of 
these cases, liver neoplasms that were adenomatous in character were 
found. These growths were composed of cords or acini-like groups of 
cells with dense nuclei and distinct cytoplasm. These cells had a striking 
resemblance to liver parenchyma. In 2 cases, neoplastic cells of a 
reticular type, forming no distinct structural arrangement, were located 
primarily in interlobular areas. These cells seemed to be epithelial in 
origin. Numerous mitotic figures were present. 

Sarcomas were found in 3 of the 18 rats. In 2 animals, these neoplasms 
were small in size and were located subcutaneously in the abdominal 
region. In the third animal, a primary sarcoma developed very rapidly 
in the antero-lateral aspect of the thigh, invaded the muscle tissue exten- 
sively, and metastasized along the sciatic vessels to form two secondary 
smaller growths. The primary growth outgrew its blood supply, so that 
its center was a soft mass of decaying cellular material. 

Three different types of pathological changes were observed in the 
pancreas of 6 of the animals. An adenomatous type growth was present 
in 4 cases in which the organ was considerably enlarged and the neo- 
plastic tissue replaced about one-third of the organ. Numerous mitotic 
figures were present, and the new growth seemed to originate from pan- 
creatic cells, but did not form true acinar structures. Fibrous tissue 
proliferation was also observed in these cases. Centro-acinar cell pro- 
liferation was observed in two cases. This type of damage was less 
extensive than that just described. In the pancreas of one animal, a 
centralized growth of fibrotic tissue resembling a fibrosarcoma had re- 
placed about one-fifth of the normal tissue. 

One animal had extensive urinary bladder damage, which was the 
apparent cause of rapid failure and death. Papillomatous epithelial 
growths were prominent. In one area, this type of growth had infiltrated 
the muscular coats. Numerous mitotic figures were present, and typical 
carcinomoid tissue had replaced the transitional epithelial cells in this 
area. 

Hemangio-endotheliomas in the mesenteric and subcutaneous fat were 
found in 4 of the 18 animals. Three of these were extremely cellular, 
contained a large number of small vessels, and exhibited numerous mitotic 
figures. One growth was classified as a cavernous hemangioma and 
consisted of large islands of blood surrounded by shelves of tissue com- 
posed of cells having spindle-shaped nuclei. 

Lymph gland involvement was noted in 4 of the 18 animals. The 
pathology consisted of grossly apparent swelling and reddening of the 
cisternal, cervical, and thoracic nodes, and was characterized, micro- 
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scopically, by the infiltration of abnormal cells of three types. The cells 
in some cases were reticular with stellate cytoplasm; in other cases, they 
resembled plasma cells and replaced about one-third of the normal tissue; 
in still others the cells resembled liver parenchyma. 

There have been no abnormalities noted among the 20 control animals 
receiving the choline-supplemented diets, except for obvious signs of lung 
involvement of the inflammatory type in one case. This animal died, 
and autopsy revealed a severe inflammatory process involving most of the 
lungs. 

DISCUSSION 

The pathological material available at present does not justify con- 
clusive remarks concerning the efficacy of the various diets used. How- 
ever, certain observations deserve mention. Reduction of the dietary 
casein from 9 to 4.5 per cent (diet 46E) appeared to increase damage 
to the liver. In general, it appears that none of the diets used in the 
present study were as effective for producing extensive liver damage as 
was the diet employed in the previous study.® On the other hand, the 
incidence of neoplasms in other tissues appears to be higher than was 
observed previously. 

Of interest in connection with the results obtained in this laboratory is 
the report of Gilbert and Gillman. They observed a multiplicity of 
pathological changes, including extensive liver and lung damage, in rats 
fed diets of corn meal and fermented milk. Moreover, Gillman and 
Gillman® have suggested that there is a definite relationship between the 
high incidence of cirrhosis and primary liver ‘carcinoma on the one hand, 
and repeated injury to the liver from acute and chronic malnutrition 
among adolescent and young adult humans on the other. 

Although Gyorgy and associates’? reported some definite but irregular 
protection with choline and cystine in butter yellow-induced liver tumors 
in rats, the majority of available data indicate no beneficial effect of 
dietary choline in this type of induced neoplasm.!!14 

Also of interest are the reports in the older literature, by Robertson 
and Burnett’? and Werner'®. The former workers observed that injec- 
tion of aqueous emulsions of lecithin diminished the tendency toward 
metastases, retarded metastatic growth, and retarded primary tumor 
growth. Werner observed that continuous injection of choline borate 
reduced the size of tumors in rats. Recently, Beard!7 has reported that 
ingestion of choline chloride in the drinking water resulted in increased 
disappearance of intra-abdominally implanted Emge sarcoma in rats. 


SUMMARY 
Choline-deficient diets, of different composition from those previously 
used in this laboratory, were fed to rats for prolonged periods. Neoplasms 
of one or more types were observed in 14 out of 18 rats fed these diets 


for 
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5 to 11 months. No ‘neoplasms were observed in control animals fed 


the same diets supplemented with 0.2 per cent choline chloride. 
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PLATE 2 
Ficure 1. Lung exhibiting nodular growths of various sizes. 


Ficure 2. Metaplasia of epithelium lining a bronchiectatic cavity. The epithe- 
lium exhibits a transition from simple columnar to typical stratified squamous. This 
figure also illustrates the possible bronchiogenic origin of the underlying neoplasm. 
Hematoxylin and eosin stain. X250. 
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PLATE 3 


Ficure 3. Extensive area of neoplasm of the nature of a primary carcinoma 
of the lung, underlying bronchial epithelium. The cells are cylindrical in type, 
with distinct nucleoli. They seem to fill the alveolar space. Hematoxylin and 
eosin stain. 510. 
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PLATE 4 


Ficure 4. Small area of ricureE 3 enlarged to illustrate the nature of the cells 
of this neoplasm. Hematoxylin and eosin stain. X1000. 


Ficure 5. Metaplasia of epithelium lining a bronchiectatic cavity, and an 
underlying neoplasm of an adenomatous nature. Hematoxylin and eosin stain. 
X510. 
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PLATE 6 


Ficure 7. Lung growth consisting of anaplastic cells with dark staining nuclei 
and indefinite cytoplasm. The cells in this type of growth had a characteristic 
medullary arrangement. Hematoxylin and eosin stain. X1000. 


Ficure 8. Neoplasm of the nature of a hemangio-endothelioma, showing the 
vascular nature and the type and arrangement of the cells. Growths of this nature 
were found in the mesentery and, subcutaneously, in the inguinal region. Hema- 
toxylin and eosin stain. X260. 
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PLATE 7 


Ficure 9. Section of the liver illustrating the possible origin of adenocarcinoma 
from liver parenchyma. Hematoxylin and eosin stain. X250. 


FicurE 10. Neoplasm developing in interlobular areas in the liver. Hematoxylin 
_ and eosin stain. X475. 
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PLATE 8 


Ficure 11. Neoplasm in the pancreas. The cells of the epithelium lining the 
cystic spaces are apparently derived from parenchymal cells, but typical acinar 
structures failed to develop. Some infiltration of blood cell elements and fibro- 
blasts is present. Hematoxylin and eosin stain. X120. 


Ficure 12. A small area of neoplasm of pancreas enlarged to show the type 
and arrangement of the cells. Hematoxylin and eosin stain. X475. 
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PLATE 9 


Ficure 13. Area of pancreas showing excessive proliferation of centro-acinar 
cells. Hematoxylin and eosin stain. 390. 


Ficure 14. Lymph gland showing an abundance of reticular type cells of 
_ peculiar design found in medulla and cortex. Hematoxylin and eosin stain. X390. 
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PLATE 10 


Ficure 15. Deep pelvic dissection to illustrate urogenital tract. This bladder 
(upper central) was extremely enlarged. One large ulcer was present near its 
base, and a growth of the nature of primary carcinoma was found at the apex. 
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PiaTeE 11 


Ficure 16. Hyperplasia and papillomata of bladder epithelium. Hematoxylin 
and eosin stain. X120. 


Ficure 17. An area which has the cellular appearance of a carcinoma of the 
bladder. Note the type and arrangement of the cells. Hematoxylin and eosin 
stain. X330. 
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Ficure 18. 


Ficure 19. 
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PLaTE 12 


Gross dissection of rat, showing a large sarcoma on the thigh. 


Infiltration of muscle tissue by sarcoma. 


The cells are arranged 


whorled in different directions. Hematoxylin and eosin stain. X300. 
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PLaTeE 13 
> 


Ficure 20. A sarcoma which has extensively invaded and nearly replaced 
muscle. Hematoxylin and eosin stain. X500. 


Ficure 21. Enlarged area of the sarcoma, to illustrate the nature of the cells. 
Mitotic figures are very numerous in these growths. Hematoxylin and eosin stain. 
1000. 


THE MAMMARY TUMOR MILK AGENT * 


By Joun J. BrIrTNER 


Division of Cancer Biology, Department of Physiology, University of 
Minnesota Medical School, Minneapolis, Minnesota 


The development of mammary tumors in’ mice is usually dependent 
upon the action of three factors, viz., the inherited susceptibility, hormonal 
stimuli, and the agent normally transferred in the mother’s milk.12 A 
small percentage of mammary tumors may, however, develop in animals 
in which one or more of the causative factors cannot be demonstrated 
with our present methods of assay. Another genetic factor has been 
demonstrated to play a part in the genesis of mammary cancer in 
virgin females. This is mediated through the genic control of the 
hormonal mechanism and has been called the inherited hormonal influ- 
ence.”® 44,25 Some data are available on the physiological effects of this 
factor®, 42-44, 4859 and its genetic relationship to the inherited suscepti- 
bility for mammary cancer in some stocks.”° 

The mammary tumor milk agent was demonstrated by fostering the 
young born to mothers of cancerous strains by females of low cancerous 
stocks. If the fostered mice did not obtain the agent from the milk 
before they were transferred, they and their descendants usually showed 
a low incidence of mammary cancer. Fostering after the mothers of 
cancerous strains had nursed their young for twenty-four hours or longer 
had little effect in reducing the incidence,® * 1 and the females did not 
have to be cancerous to transfer the agent.* It was also found that the 
agent was present in the milk secreted after the first day.» * The removal 
of the young from the uteri of females of cancerous strains was found to 
be more effective than foster nursing in preventing the development of 

~ mammary cancer in mice." 

By feeding or injecting extracts of tissues from mice with the agent 
into suitable test animals (descendants of fostered susceptible mice 
which have been observed for several generations, or hybrids which had 
maternal parents from stocks without the agent), it has been possible to 
study the distribution of the agent and its characteristics. It has been 
demonstrated to be present and active, based on the development of 
mammary cancer in the test animals, in the following tissues: thymus,” 1 
spleen,® 11, 5, 30 lactating mammary tissue,’ * spontaneous mammary 
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cancer,» 78 Harderian gland,27 liver (unpublished) ,* and_ whole 

blood.®8 Although some workers®® have noted few, if any, mammary 

tumors to develop in mice injected with either whole blood or the blood 

fractions, we have found, in some studies,’ *° that the agent was active . 
in both suspensions of blood cells and the serum. By adding red blood 

cells from mice without the agent, it has been possible to adsorb the agent 

from the serum of cancerous animals.” 

The agent will remain active following lyophilization,” filtration 
through Seitz!® and Berkefeld filters,!7 * treatment with glycerin,’ * and 
desiccation.24 21 8234 By the injection of cell-free filtrates into the de- 
veloping chick embryos, it has been found that the agent may be recov- 
ered from either filtered or unfiltered yolk after one passage”* and from 
unfiltered yolk after nine serial passages in eggs (unpublished). The 
agent will also survive for at least ten serial passages of mammary cancer 
in mice which did not have it.24 It becomes inactive at pasteurization 
temperature within thirty minutes.* 7 

Several investigators! 17 5 ?, 21,32 have shown that animals of sus- 
ceptible stocks become more resistant to the agent with increasing age. 
However, this resistance may be overcome by repeated injections.*? 
Although the older mice may not give rise to mammary tumors, they may 
transfer the agent to their progeny.1* 18 

In earlier studies, it was stated that the amount of the agent which 
an animal received, determined the incidence and average cancer age. 
However, recently it has been found that this may not be the case.?° 
Extracts of equivalent amounts of tissues may produce in mice of some 
ages higher incidences when diluted 10+ than they do at 107. In 
younger animals, the difference may not be as evident. In some groups, 
the prevention of nursing will influence the incidence, while in others it 
will not.?? °° The agent may remain active in dilutions of 1: 1,000,000, 
and approximately 25 per cent of the injected mice may become 
cancerous.® 2, 23 

In fractions which had been diluted 10° to 10-*, it was noted that a 
larger percentage of the test animals developed mammary tumors after 
they had been injected with extracts of lactating mammary tissue than 
with either spontaneous mammary cancer or transplanted mammary 
cancer from the same stock. When mice of a different genetic constitu- 
tion were employed, there was no difference in the activity of the extracts 
of mammary and spontaneous tumor tissue, but both produced a higher 
incidence than did either suspended blood cells or serum from cancerous 
mice of the same stock.?8 
simulated the fiaton of site a bane 

ibodies in rabbits* *8-40 and rats.38-40 Jt 
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has been found that the serum from these immunized animals would 
neutralize the agent in vitro. If the anti-cancer serum was given to mice 
before they received the agent, they would not develop mammary cancer® 
but, if the mice obtained the agent before the anti-serum, no effect has 
been seen in either the injected mice or their progeny (unpublished). 
The immune serum has a cytotoxic effect on mammary cancer cells 
in vitro.3* 

In centrifugation studies, it has been observed that the agent was 
either sedimented or associated with particles of the cell which were 
thrown down in gravitational fields of 20,000,28 60,000,4° and 110,000.52 
In another experiment, essentially all of the agent was sedimented at 
18,000x g. for a period of one hour, the greatest activity being found in 
the fractions with the larger particles or the microsomes at dilutions of 
i t0.10-*.¢ 

It was suggested that the presence of the milk agent might influence 
the formation of lateral buds along the ducts of the mammary glands of 
mice of some stocks.°! 47 However, these observations could not be con- 
firmed by the use of fostered and unfostered mice of other cancerous 
stocks.** Estrogenation may produce more arborization in young mice 
when they have the agent, but these differences may not be evident at 
later ages.*® A possible explanation* for these different observations has 
been suggested as due to strain differences in the architecture of the normal 
mammary gland. 

The characteristics of the mammary tumor milk agent, its small size, 
ability to propagate in the living cell, and its antigenic properties, would 
classify it as an infectious agent or virus. Its exact role in the genesis of 
mammary cancer has not been determined, and there is no evidence that 
it may be active in the development of any other type of cancer in mice. 
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DISCUSSION OF THE PAPER 
_Dr. Arthur Shapiro (Brooklyn, N. Y.): 


If the rabbit anti-mouse tumor serum produces specific cytolysis of 
mouse tumor cells through the action of an antibody against a tumor 
“virus”, it seems likely that this reaction could be used for the assay of 
“virus” in a manner analogous to the titration of diphtheria toxin by 
antitoxin. If it were determined in advance that a particular dilution 
of a standard “virus” suspension was just able to neutralize the cytolytic 
effect, then either “virus” or serum (whichever is more stable) could be 
used as a standard of reference for the im vitro determination of the 
activity of other preparations with which it could be compared. 


SOME BASIC CONTRIBUTIONS TO THE CANCER 
PROBLEM FROM THE STUDY OF PLANTS 


By Wiuutam J. Rossins 


Department of Botany, Columbia University, and The New York 
Botanical Garden, New York, N. Y. 


I must preface my remarks on this subject by emphasizing that cancer 
is a disease of animals, and that we must be conservative in applying 
information gained from the study of overgrowths in plants to similar 
phenomena in animals. Overgrowths developing spontaneously or induced 
by microorganisms, by insects, by some types of grafts, by crossing certain 
plant species, by viruses, by wounds, and by various physical or chemical 
treatments occur in plants. ‘They are variously known as mutations, 
calluses, galls, tumors, fasciations, nodules, or even plant cancers. Some 
of them show analogies to cancer in animals, but it is always dangerous 
to argue from analogy, and I wish to make clear that I appreciate the 
inherent weaknesses in an attempt to apply observations made on one 
organism to another, especially when they are so distantly related as 
plants are to man. 

Nevertheless, I think we can agree that cancer is fundamentally a 
growth problem, that one of its basic aspects is the transformation of 
cells from a more or less static into a rapidly growing condition. I believe 
we can agree, further, that the processes which occur in the growth of 
plants and animals are basically alike. I need not remind the reader 
that at least three vitamins (biotin, pantothenic acid, and folic acid) 
were first discovered by observing their importance for the growth of 
bacteria or yeasts, and that a great deal has been learned of the inter- 
mediary metabolism of carbohydrates in the human body through a study 
of the fermentation of sugar by yeast. Fundamental information on the 
growth of plants may easily be of importance to the cancer problem, 
particularly if the phenomena studied are those concerned with spon- 
taneous or induced changes resulting in increased rates of growth, espe- 
cially when those changes are persistent and result in more or less dis- 
organized growth. Any instance of this sort which occurs in plants 
deserves careful study and analysis. An elucidation of any one of them 
may throw light on abnormal growth in animals. A few such instances 
in plants will be briefly discussed here. 

Those spontaneous mutations which occur in the mycelium of many 
species of fungi deserve more consideration, I believe, than they have 
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hitherto received. They have been variously known as saltations, sectorial 
mutations, or pleomorphisms. 

We have studied one of the dermatophytes, Trichophyton mentagro- 
phytes or Trichophyton gypseum, which develops vegetative mutations 
to a high degree.*"8 This fungus, pathogenic for man and other animals, 
is, as a rule, a rather slow-growing and freely sporulating organism when 
isolated from the host. We have called this the normal form. 

As cultures of the normal form of this organism age, portions of the 
mycelium change in growth habit: they become white, fluffy, more or 
less sterile, and much more vigorous than the original mycelium. Such 
forms have long been known, in the dermatophytes, as pleomorphic forms. 
They can be isolated and grown in pure culture where they retain their 
morphological characters and ability to grow rapidly. In culture, pleo- 
morphic forms overgrow the normal form and, unless suitable precautions 
are taken, the normal form of T. mentagrophytes will disappear and only 
the rapidly growing pleomorphic forms will remain. 

The normal form can be maintained indefinitely if transfers are made 
to fresh media at weekly intervals. We have kept it in culture for more 
than 3 years by this procedure. ,Pleomorphic forms, too, can be kept in 
culture apparently unchanged if transferred at weekly intervals. 

The spontaneous change from normal to pleomorphic occasionally 
appears in cultures incubated at 35° C. as early as 8 days after inocu- 
lation, though two or three weeks are usually required, and within 4 or 5 
weeks, at most, all cultures will have become pleomorphic. It is not, 
therefore, a hit-or-miss process. Merely by allowing the cultures to age, 
all of them will change from a slow-growing to a rapidly growing form. 

Many pleomorphic types can be isolated which differ in rate of growth, 
degree of sterility, morphological character of the colony, in pigment 
production, or in some physiological character. - All older cultures, how- 
ever, are characterized by the very vigorous, white, fluffy, almost sterile 
form. This may be because it overgrows the less vigorous types, or, 
perhaps, because the less vigorous types mutate, in time, toward the fast- 
growing forms. 

The growth of the most vigorous forms is many times that of the 
normal. In a liquid medium containing asparagine as a nitrogen source, 
the normal form produces 3 or 4 mg. of dry matter in three weeks. A 
pleomorphic form, in the same time in the same medium, may form 100 
mg. or more. 

Here we have, in an organism which can be readily grown in a test 
tube, an example of spontaneous change from a slow-growing to a rapid- 
growing condition which shows some analogies to the changes which 
occur when more or less static cells in the animal body are transformed 
into cancer cells. If we could answer the problems on growth presented 
by this phenomenon, such answers might elucidate some aspect of cancer. 
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What causes pleomorphisms to occur? There appear to be three pos- 
sibilities. They may result from the effect, on the mycelium, of the 
accumulation of by-products of fungus metabolism in the medium. Dr. 
Jacques Duché tells me that he was able to keep Trichophyton gypseum 
in a normal condition, without the development of pleomorphisms, for 
a period of 2% months, by growing the fungus under conditions such 
that it was continuously bathed in fresh culture medium. These obser- 
vations would support the idea that the spontaneous mutation from a 
slow-growing condition to a rapid one, in this fungus, is induced by the 
accumulation of metabolic products in the culture medium. If this is 
correct, then the cells of the fungus mycelium must differ in susceptibility 
to these products, because the entire mycelium does not become pleo- 
morphic and only small scattered sectors, perhaps individual cells, are 
affected. For example, on an agar medium in a Petri dish 18 cm. in 
diameter which is completely covered with the mycelium of the normal 
fungus, a few scattered spots of a pleomorphic form appear. The whole 
mass of mycelium does not become pleomorphic (PLATE 14, FIGURE 1). 

Another possibility is that the pleomorphism is induced by an exhaus- 
tion of one or more constituents of the medium. This does not seem 
likely in view of the richness and variety of media on which pleomorphisms 
develop. 

The third possibility is that the mutation is associated, in some way, 
with the age of individual hyphae. It cannot be associated with the age 
of the entire mycelium, because we have never observed the development 
of pleomorphisms on the young growing hyphae but always on the older 
parts of a colony where the age of a hypha, the accumulation of by- 
products, or the exhaustion of some essential substance might be pos- 
sible causal factors. As long as the mycelium grows over fresh medium, 
it remains normal. At least, we have observed this to occur over a period 
of more than 60 days (PLATE 14, FIGURE 2). 

Can the development of pleomorphisms be prevented? We have not 
been successful in any attempt of this kind, except by transfers, at weekly 
intervals, to fresh media, as previously mentioned. Nor have we had any 
evidence that the pleomorphic form can be induced to revert to the 
normal form. Various modifications of the nutrient medium, as well as 
a number of growth inhibitors, both natural and synthetic, have been 
used, without preventing the formation of pleomorphic forms or inducing 

them to revert once they have developed. 
' Why do the pleomorphic forms grow so much more rapidly than the 
normal? We believe that this is due to the fact that the mutant has devel- 
oped a more effective mechanism for transforming compounds of nitrogen 
into cell substance. This mechanism is probably new enzyme systems or 
larger amounts of some which already exist in the normal form. The 
evidence for this assumption is indirect and is as follows: 
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The normal form of Trichophyton mentagrophytes grows with 
asparagine, or any one of 14 amino acids, as a source of nitrogen, but 
is unable to utilize ammonia effectively. It appears that it transforms 
asparagine, or any one of the several amino acids, without previous 
ammonification into all the various amino acids required for the con- 
struction of its protoplasmic proteins. There are, however, no indis- 
pensable amino acids in the sense that the fungus fails to grow unless 
a particular amino acid is furnished in the nutrient medium. Although 
the normal form of T. mentagrophytes is capable of making from a 
single amino acid all those needed for its cell substance, it grows better 
with a mixture of these. We have interpreted this to mean that the 
amino acids in a mixture are incorporated into fungus protein more 
rapidly than they are supplied by the metabolic transformation of a 
single one. 

The rapidly growing pleomorphic forms, on the other hand, grow fairly 
well with ammonium salts as the sole source of nitrogen. This difference 
in the relation of the normal and the pleomorphic forms to ammonium 
salts we have interpreted as indicating that, in changing from a slow- 
growing to a rapidly growing condition, the fungus has developed a better 
mechanism for utilizing inorganic nitrogen. 

By supplying the normal form with a mixture of amino acids, as much 
dry matter can be obtained as the pleomorphic form produces with a 
single amino acid. This also suggests that, in becoming pleomorphic, 
the fungus has developed a more effective means of transforming a 
single organic nitrogen source into cell substance. 

Are the pleomorphic forms genic or cytoplasmic mutations? This ques- 
tion cannot be tested by ordinary genetical methods, because the sexual 
form of Trichophyton mentagro phytes, if it exists, has not been discovered. 
' Another group of investigations of particular interest to the general 
subject under discussion, are those concerned with the development, in 
plants, of tumor tissue which is capable of indefinite growth in a rela- 
tively simple medium and of autonomous growth when grafted into the 
normal plant. These include the bacteria-free tumors resulting from 
infection by the bacterium, Phytomonas tumefaciens, the tumors induced 
by grafting bacteria-free tumor tissue on normal tissue reported by 
de Ropp, those occurring on certain types of species hybrids of Nicotiana, 
and the wound-virus tumors described by Black. 

The overgrowths caused by Ph. tumefaciens, generally referred to as 
crown gall, have been studied for many years. Irwin F. Smith empha- 
sized the similarity between crown gall of plants and cancer of animals. 
Recent observations have added a great deal to our knowledge of these 
interesting growth abnormalities but still leave many fundamental ques- 
tions unanswered. Jensen®> found that the tumorous condition of the 
host cells of beets and mangels induced by Ph. tumefaciens persists after 
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the bacteria have disappeared. According to Jensen, the bacteria died 
in the older tumors caused by Ph. tumefaciens, and careful investigation 
of a large number of spontaneous tumors from mangels and sugar beets, 
taken up in the autumn, led only in a single instance to the isolation of 
the bacterium. Tissue from these spontaneous beet tumors was easily 
transplanted to normal roots and produced fresh tumors which were due 
exclusively to the growth of the transplanted tissue. However, Jensen 
says that, while tumor transplantation proved effective for three or four 
generations, the fourth generation of implantation succeeded, but the 
abnormal proliferative power of the tissue had disappeared. He con- 
cluded that the cells of the tissue, under the influence of the bacterium, 
become altered for a series of cell-generations and develop the abnormally 
increased proliferative power of tumor cells proper, which is independent 
of continued stimulation by the bacteria. 

Jensen’s observations were confirmed and extended, more recently, by 
White, Braun, and others.11 They demonstrated that the bacteria-free 
tumor tissue can be grown indefinitely on a simple medium and develops 
autonomously as tumor tissue when grafted on the normal plant. The 
bacteria cause the change from normal to tumorous condition in a short 
time. Tumors develop in Vinca rosea after but 36 to 48 hours’ exposure 
to living bacteria, and the full change to tumor tissue occurs after 4 days. 

Amongst many observations, too numerous to detail here, was the 
demonstration, by Braun and Laskaris,!* that the combined effect of 
infection by an avirulent strain of Ph. tumefaciens and treatment with 
growth-promoting substances such as indole-acetic acid was necessary 
for tumor production on the tomato. Neither was effective alone. This 
indicates that two factors, at least, are concerned in the production of 
tumors by Ph. tumefaciens. 

De Ropp® found that the bacteria-free tumor tissue grafted in vitro 
on pieces of normal stem 0.5 cm. in length induced secondary tumors 
in about 50 per cent of the successful grafts. These secondary tumors 
can be grown in vitro and evidence autonomous growth when grafted 
into normal plants. If the graft of tumor and normal tissue did not take, 
or if the tumor tissue was separated from the normal tissue by a thin 
layer of agar, no secondary tumors were observed. These observations 
demonstrate that tumefaction may be induced by bacteria-free tumor 
tissue as well as by the bacteria themselves. It also suggests that some 
influence from the bacteria-free tumor tissue is transmitted through living 
tissue at least for short distances and induces the change from normal to 
tumor tissue. Whether this influence is chemical, virus-like, or a cyto- 
plasmic entity, has not been determined. 

Black’s observations! 2 on the wound-tumor virus demonstrate another 
method of tumor induction in plants. This virus, which affects at least 
43 species of plants in 20 families, is systemic. The virus produces tumors 
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on the roots of many kinds of plants and on the stems of some others. 
Wounds are involved in the origin of at least some of the tumors on the 
stems of infected plants and, since lateral roots wound the overlying 
tissues in emerging from their point of origin in the pericycle, there seems 
to be an interrelation between the presence of the virus and injury in 
the production of tumors on roots. The tumor .tissue can be grown 
indefinitely in vitro and can be successfully grafted into normal plants. 
It retains the virus, which becomes systemic in a host on which a bit 
of tumor tissue is grafted. 

Still another kind of origin of autonomous tumors in plants results 
from hybridizing species of Nicotiana. Kostoff, in 1930, reported the 
occurrence of abundant tumors on plants of the hybrids of certain 
Nicotiana species. These were later (1934) studied by Whitaker.‘° The 
tumor tissue was cultivated in vitro by White and demonstrated to pro- 
duce tumors when grafted on normal plants. These tumors do not appear 
to be parasitic in origin; no causal agent can be transmitted from tumor 
to healthy Nicotiana plants; and the causal factor is not transmitted 
from hybrid to parent over a graft union. The tumors apparently result 
from the hybridity. Whitaker concluded, from an analysis of available 
data, that hybrids with tumors are formed when representatives of the 
Nicotiana alata group with 9 chromosomes are used as the male parent 
and other Nicotianas which have 24 chromosomes are the female parents, 
but that no such formation takes place when the reverse cross is made. 
All the available information, according to Whitaker, indicates that tumor 
production in hybrids of N. Langsdorffii and N. glauca is the result of 
cytoplasmic disturbance occasioned by the introduction of the chromosome 
complement of N. Langsdorffii (used as the pollen parent) into the 
cytoplasm of N. glauca (used as the seed parent). 

From this brief survey, it is clear that plant tumors characterized by 
more or less unorganized and uncontrolled growth, capable of indefinite 
growth in vitro on simple media and of autogenous growth in vitro, are 
induced by a considerable variety of causative agents. They can be 
induced by inoculation with a bacterium, Phytomonas tumefaciens, by 
bacteria-free tumor tissue, by the combined effect of an attenuated strain 
of Ph. tumefaciens and a growth-promoting chemical, by infection with 
a specific virus plus wounding, and as the result of certain species crosses 
where a virus, wounding, pathogenic organisms, or the application of 
chemicals are not involved. 

There are many other kinds of overgrowths in plants which either 
do not possess the ability of the tumors I have briefly described to grow 
indefinitely in vitro or in vivo, or have not been demonstrated to have 
that ability. Club root of cabbage and other crucifers results from infec- 
tion by Plasmodiophora brassicae, a myxomycete. Insect galls are common 
on plants. These are characterized by an abnormal but specific growth 
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pattern superimposed on the normal tissue by a foreign living organism. 
Calluses grow from the cut ends of stems or from wounds. By treatment 
with chemicals, as, for example, indole-acetic acid, tumors in plants have 
been induced which produce massive growths. Fasciations, spontaneous 
or induced, are another class of abnormal overgrowths common in plants. 

In spite of the progress which has been made in our knowledge of 
autonomous tumors and other types of abnormal plant growths, the basic 
and fundamental problems remain. Why and how does an actively 
growing embryonic or meristematic cell change into a relatively static, 
mature, differentiated condition? On the contrary, why and how does 
the change of non-growing cells into those capable of active growth 
occur, or that of cells which grow normally into tumor cells? 

We know little of the basic factors involved in these changes. Our 
ignorance is sometimes concealed by such words or phrases as growth 
regulators, organizers, the whole being greater than the sum of its parts, 
entelechy, primitive condition, and so on. But why does a section of a 
sunflower stem which lacks a bud but contains embryonic cells in its 
cambium, fail to grow to any extent when grafted into the normal stem 
where tumors induced by infection with Phytomonas tumefaciens grow 
well? 

One explanation which may be offered is that inhibitors from the 
entire plant limit the development of the transplant of the normal tissue 
but are ineffective on the tumor tissue. It is not difficult to cite examples 
in the plant kingdom where inhibitors produced by an organism affect 
its growth. Among the microorganisms, the development of specific sub- 
stances which inhibit the organism’s growth are well known, as, for 
example, lactic acid accumulating in cultures of lactic acid bacteria, 
alcohol for the yeasts, or acetic acid for the acetic acid bacteria. Fawcett 
demonstrated, some years ago, that filamentous fungi grow at an unchang- 
ing rate if constantly supplied with fresh media. The growth of dormant 
axillary buds when the tip of the plant stem is cut off, has been explained 
by the removal of inhibitors formed by the stem tip. 

It does not seem probable, however, that inhibitors from the entire 
plant can account for the failure of normal plant tissue to grow when 
grafted into the stem, because the bit of normal tissue removed from the 
influence of the plant evidences little growth in vitro on a medium on 
which the tumor tissue grows indefinitely. How can the difference in 
growth power evidenced in vitro between the normal stem tissue and the 
tumor tissue derived from it be accounted for? It is evident that the 
tumor tissue on a simple medium carries out all the series of chemical 
reactions which result in the construction of new cell substance. The 
normal tissue is not able to do this.* Is this because the cell substance 

* Gautheret and Nobecourt have been able to grow normal stem tissue in vitro by adding 


small quantities of indole-acetic acid to the medium. It is not known how the indole-acetic 
acid acts in inducing the tissue to grow. For references to literature, see White,” 
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of the tumor tissue is simpler, more easily synthesized, and requires a less 
elaborate mechanism for its construction? Is it because normal tissue 
develops intracellular inhibitors which limits its growth? Or is it because, : 
in becoming tumorous, the cells develop a more effective mechanism for 
making new protoplasm, or a combination of these? 

It may be pointed out that some kinds of plant tumor tissue do not 
form chloroplasts or differentiate roots, stems, and leaves, which might 
be interpreted to mean that the cell substance of the tumor tissue is less 
complicated than that of normal tissue. At the same time, we cannot 
exclude the possibility that the normal cell makes intracellular inhibitors 
which the tumor tissue does not. There are, also, numerous examples 
among the microorganisms where the rate of growth is determined by 
the ability of the organism to synthesize one or more vitamins, amino acids, 
or some other essential metabolite. 

Greenstein* has said, “The history of cancer research is such as to 
effectively discourage any excursion into a dogmatic universalism.” The 
same caution must be used in searching for the causes for the differences 
in growth power between normal and tumorous tissue, between meri- 
stematic or embryonic differentiated mature cells. 

To determine whether these changes are genic or cytoplasmic, and 
whether they are associated with morphological entities or not, is impor- 
tant. It is equally important, however, to learn, if we can, the internal 
physiological factors which limit the growth of cells,® because it is the 
modification of these factors which change a normal meristematic cell 
or a static and mature one into those which we call tumorous. What 
happens when mature cells regain the power of making new cell sub- 
stance? Why, when this occurs, do such embryonic cells not follow the 
growth pattern of normal cells and after a limited period mature once 
more, instead of growing for an unlimited period and in a more or less 
disorganized fashion? Do cells mature and cease to grow because of 
the accumulation of inhibitors, because they lose some essential part of 
their metabolic machinery (say, an enzyme system), or for some other 
reason? Do mature cells return to a growing condition spontaneously 
or under the action of some extraneous physical, chemical, or biological 
agent; because of the neutralization or elimination of growth inhibitors; 
because a new synthetic mechanism has been formed by which cell sub- 
stance perhaps of simpler and less complicated constitution is more quickly 
constructed; because parts of the machinery necessary for the synthesis 
of new protoplasm, lost in the process of maturation, are once more 
reestablished ; or for some other reason? These are fundamental questions 
for which I have no categorical answers. I believe, however, that answers 
may be sought for them by using plants as well as animals as experimental 
material and, perhaps, in some respects, plant material may furnish the 
shorter road to the solutions in which we are all interested. 
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DISCUSSION OF THE PAPER 


Dr. Arthur Shapiro (Brooklyn, N. Y.): 

The “pleomorphic” variant described by Dr. Robbins presents inter- 
esting analogies with the behavior of neoplasms in tissues. However, it 
is not clear from his data whether he has taken steps to distinguish 
between factors which favor the occurrence of mutation and factors which 
favor the detection of mutation already present. 

It would appear that, since the pleomorphic forms grow faster than the 
normal form, they should be readily detected whenever they occur. 
However, the experiments in the “racing tube” seem to indicate that the 
rate of spread of the normal culture is about equal to that of the 
pleomorphic culture. 

In the evaluation of the likelihood of detection of the mutant under 
given cultural conditions, this biological competitive growth rate would 
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seem to be more important than the growth rate measured as mass of 
tissue formed per unit time. 

It should also be mentioned that, in bacterial cultures, it is common 
to find mutants arising (in aged cultures) which outgrow the normal type 
in the aged media but are definitely outgrown by the normal type in 
fresh media. 

In general, then, it is important to recognize, distinguish, and measure 
growth rates and mutation rates separately, if one wishes to draw valid 
conclusions from experiments on large populations of microorganisms. 
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PLANTS AND THE CANCER PROBLEM 


ROBBINS 


CHEMICALLY INDUCED MUTATIONS AND THEIR 
BEARING ON CARCINOGENESIS 


By E. L. Tatum 


Yale University, New Haven, Connecticut 


Increasingly vigorous attempts have been made, during the past decade, 
to analyze the complex problem of carcinogenesis in terms of the muta- 
tional, viral, and other theories of its causation (see Furth, Boon, and 
Kaliss, 1944). It is difficult, perhaps unnecessary, to reconcile these 
apparently opposed views, or to correlate them with the proven roles of 
carcinogenic chemicals and irradiation in the production of experimental 
cancer. Nevertheless, during the past few years, developments in this 
and other fields have brought new evidence regarding the relation of 
genes to enzymes and biochemical reactions, and regarding the relation 
of gene to cytoplasm, which may modify our older concept of mutation. 
Finally, recent evidence of the production of mutations by chemical treat- 
ment, and the examination of the mutagenic action of at least one car- 
cinogen, methylcholanthrene, may bear directly on the problem. Even 
if the various theories cannot as yet be satisfactorily reconciled, a con- 
sideration of possible relationships may not be amiss and may suggest 
new approaches to carcinogenesis. 

The theory that cancer is due to somatic mutations is based mainly on 
the following points, the first three of which constitute only inferential 
support: 

(1) That susceptibility and resistance to carcinogenesis are determined, 
in experimental animals, by hereditary factors, susceptibility ordinarily 
being dominant to resistance. 

(2) That transplantability of normal tissues seems to depend on the 
genetic and antigenic constitutions of both host and transplant. 

(3) That tumor cells may differ from the normal tissue from which 
they are derived in transplantability and, hence, may differ also in genetic 
constitution. The mutations indicated by this are not necessarily related 
to those mutations postulated in carcinogenesis. 

(4) That the change from a normal to a malignant cell may occur 
at random in small groups of cells or even in single cells, is a potential 
reaction of all cell types, and may involve heritable changes, perhaps 
of a sudden abrupt nature. 

(5) That the effects of x-ray and ultraviolet irradiation in carcino- 
genesis may be correlated with the well-established mutational effects of 
these agents in plants, animals, and microorganisms. 
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The many biochemical and enzymatic changes correlated with the 
development of malignancy (Potter, 1944; Burk and Winzler, 1944 : 
Greenstein, 1945) could result from a single primary genetic or enzymatic 
change and, hence, are not in disagreement with the somatic mutation 
theory. 

One of the principal difficulties in the acceptance of this theory has 
been the inability to account satisfactorily for the effects of chemical 
agents such as the carcinogens. Many attempts to detect mutational 
effects of chemicals have been inconclusive, because of the unsuitability 
of the biological material for genetic analysis, and have no direct bear- 
ing on cancer since the agents used are not carcinogenic. To a large 
extent, this is true for the investigations of the effects of colchicine on a 
variety of cells, and of camphor (Bauch, 1941) and acenaphthene (Levan 
and Sandwell, 1943) on yeast. Recent investigation by Levan (1946) 
has given cytological support to earlier assumptions of the effect of these 
agents on chromosome-doubling in yeast and has added butyl alcohol 
and benzene to the agents inducing mitotic disturbances in this organism. 
The absence of direct genetic or cytological evidence makes it difficult to 
evaluate any postulated mutational effect of cyanide on yeast (Stier and 
Castor, 1941) and of nitrite and other agents on Aspergillus (Steinberg 
and Thom, 1940). 

Other attempts to demonstrate mutagenic action of chemicals with 
genetically suitable material have not been conclusive, perhaps because 
of the relative ineffectiveness of the agents used, or because of difficulties 
in establishing effective concentrations in germ-plasm. This is true of 
most investigations with Drosophila, although possibly significant effects 
have been obtained here with copper sulfate (Law, 1938), phenol (Hadorn 
and Niggli, 1946), and with sulfonamides (Thomas and Chevais, 1943). 
Finally, it is as yet impossible to detect and demonstrate mutations in 
tissues of higher animals by the direct application of classical genetic 
techniques. The recent demonstrations, by Auerbach and Robson, of 
the effects of mustard gas in inducing germinal as well as somatic muta- 
tions in Drosophila (Auerbach and Robson, 1946; Gilman and Philips, 
1946; Dixon and Needham, 1946) may lead to a dissolution of this 
apparent impasse. 

Examination of the effects of this chemical, 6@’-dichlorodiethylsulfide 
(Horowitz et al., 1946) and of the related nitrogen compound, 
8'-dichlorodiethylmethylamine (Tatum, unpublished results) on Neuro- 
spora, has proved that both agents produce gene mutations apparently 
analogous, in effect, to those produced by irradiation (Taste 1). It 
may be more than coincidence that some of the N-mustard mutations in 
Neurospora are genetically, and probably biochemically, different from 
mutations so far obtained with irradiation. The ability of these chemicals 
to induce mutations is further substantiated by the effect of N-mustard 
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TABLE 1 


Mutations Propucep 1n Neurospora By TREATMENT wiTH SULFUR MusTARD 
AND NiItrRoGEN MustTarp* 


8Ba=_“€=—a@wowyqyqoawaes—s———oOowoaonnOoOaOnaO0000O09a9aS eee 


Morphological |} Biochemical Total 
mutants mutants mutants 
totale a 
cultures Per Per Per 
tested No. cent No. | cent No. | cent | Reference 
Untreated 769 0 Le 13 1 .13 | Horowitz 
et al. 
Treated 1946 
with 
sulfur 
mustard 760 aly) Dee 2 125 29 3.8 
Untreated 1507 6 4 il .06 a 46 Tatum 
(unpub- 
Treated ; lished) 
with 
nitrogen 
mustard 2657 23 .86 35 944 48 1.80 
* Requirements of biochemical mutants: 
Sulfur mustard Nitrogen mustard 
methionine, cystine 6 methionine, cystine 9 
leucine 1 lysine 5 
adenine 1 tryptophane 1 (new genetic type) 
Dy 2. Dae Be 2 
Bil leucine 1 
amino acids 1 choline 1 
Bil 
uracil 2 


isoleucine + valine 1 (new genetic type) 
amino acids 
A yeast extract 1 
{ Maximum; 4.2% in one series. 


in producing biochemical mutations in Escherichia coli (Tatum, 1947— 
see TABLE 2). The mutations detected in these two organisms are char- 
acterized by failure of syntheses of specific growth-factors. These failures 
probably result from genetically altered or inactivated enzymic capacities 
(Horowitz et al., 1945; Beadle, 1945a). 

The striking experiments of Strong and his collaborators, carried on 
over the past few years (Strong, 1945, 1946), have suggested that 
20-methylcholanthrene, under suitable conditions (long continued treat- 
ment and inbreeding with selection), is capable of producing, in mice, 
somatic mutations (mosaics) and germinal mutations (susceptibility to 
fibrosarcoma and gastric carcinoma) inherited as dominant characters, 
and a variety of color mutations of both dominant and recessive types. 
The occurrence and behavior of many of these mutations seem to indi- 
cate a general genic instability. It is noteworthy that, in mice selected 
for resistance to local methylcholanthrene carcinogenesis, many types of 
neoplasms have been produced by the carcinogen, acting on different 
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TABLE 2 
Errect oF £G-DICHLORODIETHYLMETHYLAMINE ON E. coli 58 


(Tatum, 1947) 
eee EE 
Mutant strains obtained* 


Stable 
Total | Different | Unstable | Total 
Cul- SS | 
Survival | tures Per Per Per Per 
Series} Treatment ratio tested | No. | cent| No. | cent} No. | cent| No. | cent 


19 05:%en20-anmr, | 9 1/1xl0" 2054 BY ee. He er Oo Shiga 
2 1% 30 min. | 1/1-.5x10° | 1234 S|) Ae 4 | 32 | 13 .|1.05 | 185/14 
3 |1.0% 30 min.} 1/2x107 | 1182] 10] 8 6 | .50 1 | 2085) 11993 


* Requirements: 


Series 1 Series 2 Series 3 
proline, 2 proline, 1 proline, 4 
methionine, 1 phenylalanine, 1 methionine, 1 
phenylalanine, 1 threonine, 1 pyrimidines, 1 
tyrosine, 1 hydrolyzed casein, 2 purines, 1 4 
adenine or hypoxanthine, 1 
indole, 2 


tissues. Strong has suggested that methylcholanthrene may owe its car- 
cinogenic action to its effect in inducing somatic mutations. 

Attempts are now being made in our laboratory, by Mr. R. W. Barratt 
and myself, to detect and analyze the mutational effects of carcinogens on 
Neurospora.* ‘The results with the more water-soluble 20-methylcholan- 
threne-endosuccinic acid suggest that this compound induces gene muta- 
tions in Neurospora similar, in effect, to those produced by irradiation 
and by treatment with the nitrogen and sulfur mustards, although the 
carcinogen is less effective than the other agents under ‘the conditions 
used. Out of 3075 treated cultures, 6 biochemical mutant strains have 
been obtained. Dr. L. Garnjobst has found that one of these (No. Y6516) 
contains two apparently independent gene mutations. One gene controls 
the synthesis of p-aminobenzoic acid, and the other, of uracil or uridylic 
acid. With the very low mutation rate, the occurrence of two mutant 
genes in one strain is perhaps more than coincidence. In addition, neither 
mutation has been frequent in material treated with other agents. The 
p-aminobenzoicless character differs genetically from that most frequently 
found in irradiated material. The rather high frequency of occurrence 
of morphological mutant types found with methylcholanthrene in certain 
experiments may be significant, although further work with isogenic stocks 
will be needed to establish this. 

A number of attempts have been made to examine the effects of cer- 


* This invéstigation is being supported by a grant from the American Cancer Society. 
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tain carcinogens on growth and metabolism of microorganisms. Although 
the results have not been too convincing, nor very thoroughly analyzed, 
they should be mentioned. DeClerck (1942) has reported more or less 
temporary effects of the carcinogen, Styryl 430, on the respiration. of 
yeast, either stimulatory or depressing, depending on the duration of 
exposure. Most recently, Reese and Reese (1945), as well as Raab 
(1946), have demonstrated inhibitory effects of dibenzanthracene and 
of phenanthrene on the growth of bacteria and certain fungi. Spencer 
and Melroy (1942) have reported the effect of methylcholanthrene in 
limiting the growth potentialities of certain bacteria and of paramecium. 
In none of these instances has genetic analysis been possible. About all 
that can be said, at present, is that these carcinogenic substances are 
biologically active on microorganisms. 

It seems reasonably well established that methylcholanthrene is capable 
of inducing gene mutations in mice and in Neurospora, and that the 
mutations produced affect visible morphological characters as well as 
biochemical ones such as susceptibility to cancer, and the synthesis of 
enzymes concerned with the manufacture, by the cell, of nutritional 
factors. It seems likely that the fundamental basis of these various muta- 
tions is the same, and that germinal and somatic mutations of both types 
may occur in animal tissues. This would reaffirm the significance of 
mutation in carcinogenesis. Somatic mutations affecting enzymes and, 
hence, the synthesis of cellular constituents could result in the modifica- 
tion of the growth capacities of the cell, perhaps along the lines developed 
by Potter (1944) in presenting his concept of the origin of cancer as 
based on enzymic mutation. Somatic mutations could also result in the 
release of the cell from its growth limitations, perhaps by facilitating or 
restoring the synthesis of a limiting growth-factor (negative control by 
the organism—Lederberg, 1946). As examples of this might be cited 
the reversion of a leucine-dependent Neurospora mutant strain to leucine 
independence by back-mutation (Ryan and Lederberg, 1946) and the 
appearance of pleomorphic strains in cultures of Trichophyton as de- 
scribed by Robbins and Ma (1945). These pleomorphic strains differ 
from the original strains in being able to grow vigorously on ammonium 
nitrogen, and could result from mutation. Alternatively, somatic muta- 
tions might result in the production of an antagonist, or an enzyme re- 
sistant, to a hormone or other factor normally limiting enzyme activity 
and growth (positive control by the organism). Certain strains of 
Drosophila are characterized by decreased resistance to CO» (L’Heéritier 
and Teissier, 1939). Certain color mutants of Drosophila also vary in 
their resistance to thiourea (Goldsmith and Harnly, 1946). Mutation in 
microorganisms leads to increased resistance to bacterial viruses (Luria, 
1947; Demerec and Latarjet, 1947), to heavy metal salts (Severens and 
Tanner, 1945), and to penicillin (Demerec, 1945). 
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The effects of methylcholanthrene on tissue cultures, as reported by 
Earle and his collaborators (Earle, 1943), are not inherently antagonistic 
to a mutational effect of methylcholanthrene. The change of all cells in 
a culture may have resulted from strong selection for a mutant cell type, 
as for virus resistance in microorganisms (or, conceivably, to cell-type 
transformation, as in Pneumococcus—Avery et al., 1944). The apparent 
continuous change in cell and tissue morphology and malignancy with 
longer treatment time is reminiscent of the step-wise acquisition of peni- 
cillin and virus resistance in bacteria, attributed to successive mutational 
steps (Demerec and Fano, 1945; Demerec, 1945). Finally, the stability 
of Earle’s tissue culture types up to six years after cessation of exposure 
to methylcholanthrene, is not incompatible with a mutagenic action of 
the carcinogen, especially since genetic tests for gene mutation, as op- 
posed to visible chromosomal aberrations of mitotic irregularities, are 
impossible in this material. 

The mutational approach to carcinogenesis is also not in apparent dis- 
agreement with the known factors involved in this process. Since a 
mutation, germinal or somatic, gene or chromosomal, determines the 
potentiality of a cell and not necessarily the expression of the character, 
it may be suggested that environmental factors, nutrition, irritation, 
hormonal levels, or biochemical changes resulting from further somatic 
mutation or virus infection, may determine the expression of the 
character, in this case neoplastic growth, in cells possessing these poten- 
tialities as the result of their genetic make-up. 

That exogenous carcinogens are involved, in certain instances, in ex- 
perimental cancer, either directly in the induction of somatic genic or 
extranuclear mutations, or indirectly through modification of enzyme 
synthesis or potentiation of the expression of gene-determined characters, 
is apparently undeniable. If the occurrence of “spontaneous” neoplasms 
requires like stimuli, it is possible that carcinogenic substances of 
endogenous origin are involved (for discussion and references, see Burk 
and Winzler, 1944). As has been pointed out, metabolic products of 
sterols and bile acids, or of sex or other hormones (Dobriner et al., 1946), 
may be involved. Irritation, physical or chemical such as CCl, (Edwards 
and Dalton, 1942) or irradiation could likewise give rise to similarly 
active metabolic products. Kensler, Young, and Rhoads (1942) have 
suggested that metabolic products of carcinogens are the ultimate active 
substances in carcinogenesis. Spontaneous gene mutation, either germinal, 
somatic, or cytoplasmic, could also lead to the increased production or 
to the accumulation of carcinogens (see Wachtel, 1946a & b) derived 
from exogenous or endogenous precursors by modifying enzymes con- 
cerned with the normal metabolism of these substances, in a manner 
analogous to the modification of biochemical reactions by gene mutation 
in Neurospora or inheritable metabolic disorders in man. 
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Nor is the virus theory of cancer opposed to this interpretation of 
carcinogenesis. The démonstrations of the virus nature of Shope rabbit 
papilloma, of Rous chicken sarcoma and, most recently, of the mouse 
mammary tumor milk factor (Bittner, 1942) or the virus-like principle 
of Taylor (1943), find their counterpart in the demonstrations of extra- 
nuclear inheritance of characters in Pnewmococcus (Avery et al., 1944), 
in yeast (Lindegren, 1945), in protozoa (Sonneborn, 1945), in Drosophila 
(Kalmus and Mitchison, 1946; Mampell, 1945), and in plants (Rhoades, 
1943). If current views of the relation of gene to enzyme (Horowitz 
et al., 1945; Beadle, 1945b, Spiegelman and Kamen, 1946) and of virus 
to gene and cell (Darlington, 1944; Woods and duBuy, 1945) are ac- 
cepted, the clear-cut demarcations of gene from virus and cytoplasm from 
nucleus are erased. A virus could be considered as an exogenous car- 
cinogen; also, as a mutagenic entity, if virus infection can be looked upon 
as a mutation. 

On the other hand, a virus of endogenous origin could be thought of 
as arising from mutation of normal cell constituents. If we interpret 
mutation in the broad sense to mean a heritable change involving any 
level between nuclear gene and cytoplasmic effect, all of these apparently 
antagonistic theories of carcinogenesis fall into one general pattern. 

A comparison of some of the biological and chemical effects of dif- 
ferent carcinogenic or mutagenic influences or agents will perhaps aid 
in clarifying the situation in regard to mutation and cancer. If muta- 
tion is involved, mutagenic agents should be carcinogenic and carcino- 
genic agents should have specific and demonstrable primary effects on 
heredity-determining entities (cell nuclei) or on specific chemical com- 
ponents of these entities. These effects, to be significant, should be evi- 
dent at levels of treatment below those which produce secondary effects 
such as cytoplasmic protein denaturation or non-specific cell disorganiza- 
tion. Detectable effects might be significant at different levels of cell 
organization (as evidenced by abnormal mitosis or chromosome division, 
most convincingly as shown by genic mutation or chromosomal aberra- 
tion, or perhaps, basically, as indicated by modification of the physico- 
chemical properties of nuclear material or specific constituents thereof, 
particularly nucleoprotein and nucleic acid). 

Radiation seems to fulfill all of these requirements, since both x-ray 
and ultraviolet are carcinogenic and induce mutations, probably through 
their specific effects on nucleoprotein. Ultraviolet of 2537A depoly- 
merizes sodium thymonucleate very strongly (Hollaender, Greenstein, and 
Jenrette, 1941). X-ray has recently been shown to induce depolymeriza- 
tion of thymonucleohistone and sodium thymonucleate (Sparrow and 
Rosenfeld, 1946). 

The mutagenic chemicals of the B-chloroethylamine and sulfide types 
have definite specific nucleotoxic actions, manifested by the effects of 
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low concentrations in inhibiting mitosis and in inducing mutations of 
different types in Tradescantia, Drosophila, bacteria, and Neurospora. 
No specific action of these compounds on nucleoprotein or thymonucleate 
has been reported yet, nor have rigorous tests for carcinogenicity been 
described. : 

Carcinogenic chemicals such as methylcholanthrene and dibenzanthra- 
cene seem specifically to affect nuclear and chromosome behavior, as 
evidenced by their effects on mitosis, as well as on nuclear and chromo- 
some size (Biesele, 1944), similar to the effect of camphor on yeast. The 
effect of the carcinogens or their metabolic products may be on nucleo- 
proteins, in view of the adsorption of such substances as benzpyrene by 
mitochondria of Daphnia and mammalian cells (Graff, 1940). This 
observation is of particular interest in relation to the theory of the origin 
of viruses from mitochondria proposed by Graffi and by Woods and 
duBuy (1945), and in relation to the role of mitochondrial mutation in 
carcinogenesis suggested by these authors. The results with mice and 
with Neurospora suggest that at least one carcinogen, methylcholanthrene, 
has mutational effects. 

Another action of all these agents is that of inhibiting enzyme produc- 
tion or activity. The latter effect of carcinogens, as shown by in vitro 
experiments (Kensler e¢ al., 1942; Potter and du Bois, 1943, is not neces- 
sarily directly related to carcinogenicity. The demonstrations of Green- 
stein and Chalkley (1945) that thymonucleate combines with and 
regulates the activity of respiratory enzymes, suggests that the effect of 
carcinogens on enzyme activity in vivo (see Potter, 1944) might be in- 
direct, and that the primary effect might be on nucleoproteins, nuclear 
or extranuclear. In either case, the effect might be heritable and, in the 
broad sense, constitutes a mutation. The inhibitions of enzyme activity 
by irradiation and by the mustards (see Herriott et al., 1946) may be 
evident only at higher intensity or concentration levels than those giving 
mutational effects. 

In conclusion, a critical evaluation of the evidence for and against the 
mutational theory of cancer, perhaps, cannot yet be made. Nevertheless, 
many of the known facts regarding the changes taking place during 
carcinogenesis seem to support this theory, and perhaps none are in actual 
disagreement. As indicated previously, if a broad definition of mutation 
is accepted, the theory that cancer results from mutation may, in time, 
dovetail with other theories, viral, adaptational, and enzymatic, that have 
been proposed, and may prove to be the common factor in carcinogenesis. 


Note added in proof. Dr. M. Demerec has recently reported that four 
carcinogens, 1,2,5,6 dibenzanthracene, methylcholanthrene, benzpyrene, 
and B-naphthylamine, induce mutations in Drosophila (Nature 159:604, 
1947; and a paper presented at the 1947 meeting of the National Acad- 
emy of Sciences, abstract in Science 105:634, 1947). 
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THE NUTRITION OF MONOCELLULAR ANIMAL 
ORGANISMS* 


By Grorcre W. Kipper 


Amherst College, Amherst, Massachusetts 


The justification for the material I am about to present was implied, 
I believe, at the opening of the conference. Any advances we can make 
in our understanding of fundamental problems of cell metabolism will 
surely be of some aid to a better understanding of the cancer problem. 

Perhaps the ideal of the animal nutritionist is, first, a complete bio- 
chemical analysis of the nutritional requirements of the organisms used 
for experimentation and, second, an analysis of the physiological role of 
the various components of the diet. Although our knowledge of the 
function of many of the components of animal diets has increased enor- 
mously within the past few years, there are still more gaps to fill than 
have been filled up to the present. Too often, this type of work is seri- 
ously handicapped by a biotic environment too complex to analyze. Just 
as often, in the past, this complexity has not even been appreciated. The 
nutritional-requirement problem suffers most in this respect, for it be- 
comes very difficult indeed to decide whether the animal in question does 
or does not require a certain substance, when the intestinal tract of the 
animal is harboring unknown microorganisms with varying synthetic 
abilities. The ideal situation with which to work, therefore, would be 
aseptic laboratory animals. Aseptic vertebrates have been established 
and maintained, but the addition to our knowledge of nutrition by the 
use of these animals has been almost nil. It appears that the persistence 
of the animal nutritionists in using rats, mice, chicks, and dogs has been 
maintained because these organisms are more nearly like man and his 
domestic animals and, therefore, what knowledge can be had from such 
studies will have a better chance of being applied directly. This tendency 
has been prevalent also in fields other than nutrition. 

If we set as our goal the establishment of pure cultures, 7.e., experi- 
mental animals with which we can be sure that our analyses pertain to 
the single species, then it seems that a number of criteria should be con- 
sidered. First, will the animal grow and carry on its metabolic activities 
in a relatively normal manner when freed of its associates? Second, will 
its size be such that it can be readily manipulated under aseptic condi- 
tions? Third, will the bulk of its nutrients not be hopelessly expensive? 


* A portion of the results reported here were obtained with support from a grant from The 
U. S. Public Health Service. I should like to acknowledge the valuable help I have received, in 
much of this work, from a number of my students, and especially from Dr. Virginia C. Dewey, 
who is again with me as Research Assistant at Amherst College. 
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Fourth, it would be desirable to be able to compare the results obtained 
with other types of animals for practical as well as theoretical reasons. 
This last consideration comes down to the question: How different are 
animals fundamentally? Are there basic nutritional patterns which are 
really animal in character? If so, there is no reason why not to examine 
the Protozoa, since some of them seem to meet the criteria mentioned. 
They certainly have not proved to be simple, as a group. Most of 
those studied so far have defied complete analysis. It has been pos- 
sible to show that a number of the vitamins important to higher or- 
ganisms are also needed by many Protozoa, but the requirements for 
specific amino acids have been analyzed for one genus only. So far, the 
majority of the pure-culture protozoans have been grown in mixtures 
containing natural products such as proteins, peptones, various extracts 
of plant and animal origin, etc., and the situation here is only a little better 
than in non-sterile cultures. 

Time does not permit the development of the subject of protozoan 
nutrition through the stages of sheer speculation, when other micro- 
organisms in the medium were thought to be unimportant, through the 
not too distant past when nutritional studies were based upon the types 
and brands of peptones used, to the present when more precise methods 
are utilized. Credit for our present appreciation of many of the prob- 
lems in this field goes to André Lwoff of the Pasteur Institute, who, in 
1923,1 announced the establishment of bacteria-free cultures of a protozoan 
of typical animal nature. The various strains of this genus of ciliate, 
Tetrahymena, have proved invaluable for nutritional studies. 

Although Tetrahymena is the only true protozoan which has-been 
cultured in the absence of natural proteins or peptones, we have some 
information regarding the growth factor requirement of other types. 
The flagellates listed in TABLE | have been cultured only in the presence 
of peptones with or without serum, so that the column, “unidentified 
factors”, should be filled in in every case. In this table, however, the 
plus sign indicates special factors, perhaps peculiar to the species studied. 
The blanks simply indicate that nothing is known regarding that factor, 
while the minus sign indicates that an exogenous source of the factor 
is unnecessary. The trypanosomids of insects apparently synthesize 
adequate amounts of cholesterol and ascorbic acid. Half of those studied 
require hematin, while the necessity of an exogenous source of thiamine 
has been found in all those tested for this vitamin. The trichomonads, 
leishmanias, and Schizotrypanum all require serum factors, so that 
determinations of a possible thiamine requirement have not been made. 
All of the trichomonads seem to possess the same growth factor pattern, 
as far as tested. The leishmanias from reptiles differ from the human 


parasites, and from Schizotrypanum, in their lack of an ascorbic acid 
requirement. 
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_ TABLE 1 
: GrowrTH Factor REQUIREMENT: ANIMAL FLAGELLATE 
ee ee eee egress 
Organism Growth factors Reference 


Cholesterol 
Ascorbic acid 
Thiamine 
Unidentified 


Hematin 


Strigomonas oncopelti 
Strigomonas ctenocephali 
Strigomonas fasciculata 
Strigomonas culicidarum anophelis 
Strigomonas culicidarum culcis 
Strigomonas muscidarum 
Strigomonas parva 

Strigomonas media 

Trichomonas batrachorum 


aw M. Lwoff ?” 
Trichomonas columbae + 

+ 

Es 


| | Peel pete | 
+++ + 


Trichomonas foetus So 
Eutrichomastix colubrorum 
Leishmania agamae 
Leishmania ceramodactyli 
Leishmania tropica 
Leishmania donovani 
Schizotrypanum crusi 


M. Lwoff “* 


+++++ | 
+4+++4+++4++ 


One member of the Sarcodina has been studied in pure culture 
(TABLE 2). Acanthamoeba requires thiamine or the thiazole and 
pyrimidine parts of the molecule. Later work by Lwoff?? suggests that 
the pyrimidine portion alone is sufficient. 

The recent work by Ball and his collaborators*! tends to show that 
Plasmodium requires rather high concentrations of p-aminobenzoic acid, 
in addition to a number of unidentified factors. 

Of the Ciliates other than Tetrahymena, very little of an exact nature 
is known. Glaucoma scintillans requires thiamine,?? in addition to 
unidentified factors present in yeast and peptones. None of the known 
vitamins were determined for Colpidium, due to the nature of the un- 
known factors required.2? The work of Johnson and Tatum shows 
that Paramecium requires at least two unidentified factors from 
plasmolyzed bacteria, one extremely labile and the other stable to heat. 
Working with this “plasmoptysate,” Tatum and collaborators” ?° have 
shown that Colpoda requires, in addition, rather high concentrations of 
thiamine, pantothen, riboflavin, nicatinamide, and pyridoxine, but does 
not require an exogenous source of PAB, biotin, or inositol. 

In no true Protozoa are the amino acid requirements known, except 
for the genus Tetrahymena, and it is this genus that I want to describe 
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TABLE 2 


GrowtTH FacTor REQUIREMENT 


eee 


Sarcodinia 
Ce ee ee ee ee 
Organism Growth factors Reference 
ae) n 
3 g 
i] =) 
ie & 
ro) Se 
5 5 v 
‘a | © o 
o|/§|.8|8).8|8 & 
Se Sa ogni aseini —|2 
Getiliiestd ht [fate ity gael = o| § 
EFlolalsisoi-ais/2/8 
She} oo ele | apa 
Alaeisiei Ris hSe ets 
Hlal|a~iIZ2le)dlalalp 
i em Seas Ga ae eel Oe RN nal) Skokie 
Acanthamoeba castellaniu ao A. Lwoff 
Sporozoa 
ae SE IS ee eee eee eee 
: (21) 
Plasmodium knowlest | | | | | | + | | | — | Ball, et al. 
pa aaa ae AE ee td bt et I ah lll ell 
Ciliates 
Glaucoma scintillans + + | Kidder & sh 
Dewey ‘ 
one 23 
Colpidium campylum + | Peterson 
Paramecium multimicro-nucleata + | Johnson & 
Tatum =? 
Colpoda duodenaria +/+)+j;+)/+]/—|]—|—|+] Tatum, 
ehal. ee 


in some detail. Indeed, it may be said that this is the only genus in the 
animal kingdom, grown under aseptic conditions, in which the amino 
acid requirements have been reported in the literature. A possible excep- 
tion to this statement is the avian embryonic tissues reported this year 
by White, but no analysis of the actual requirements for individual amino 
acids was given. Very recently, Dr. Schultz has succeeded in this respect 
with Drosophila (personal communication). 


For some years now, we have been studying the biochemistry of six 
strains of Tetrahymena geleii and two strains of Tetrahymena vorax. 
The general nutritional patterns are the same for all strains, although 


differing in details. What I have to say from now on applies specifically 
to Tetrahymena geleii, strain W. 


I shall review, briefly, the growth factor or vitamin pattern for 
Tetrahymena, which has been established except for one unknown factor 


(Factor II). The only member of the vitamin B complex which this 
ciliate must have from an outside source is pteroylglutamic acid (TABLE 3). 


KIDDER: NUTRITION OF MONOCELLULAR ORGANISMS 103 


“06 TABLE 3 
GrowrTu Factor Parrern: Tetrahymena geleii W 


I. Required 


A. Pteroylglutamic acid or Vitamin B conjugate 
B. Purine (especially guanine) 

C. Pyrimidine (especially cytidylic acid) 

D. Factor II (unidentified) 


II. Synthesized in inadequate amounts for optimum growth* 


Growth Maximum 
rate yield 

increased increased 
A. Thiamine 0 + 
B. Riboflavin + ~- 
C. Pantothen 0 - 
D. Niacin + -|- 
E. Pyrimidine aa + 
F. Biotin + 4 


III. Synthesized in adequate amounts} 


A. p-Aminobenzoic acid 
B. Inositol 


* Actual vitamin synthesis was shown by microbiological methods using Lactobacillus casei. 
{ Both p-aminobenzoic acid and inositol were shown to be synthesized by the ciliates, when 
employing assay methods with ‘‘aminobenzoic-less’’ and “‘inosito)-less’”? mutants of Neurospora 
crassa. These strains of Neurospora were furnished by Dr. E. L. Tatum of Yale University. 


Quantitative determinations show that its requirement is approximately 
ten times greater than that of the PGA-requiring bacteria.2* Recently, 
we received a sample of vitamin B, conjugate from Dr. Bird of the 
Parke-Davis Laboratories, and we find that Tetrahymena possesses the 
necessary conjugase for this substance. The polyglutamate was twice as 
active as the monoglutamate. The Streptococcus lactis R factor, obtained 
from the Merck Laboratories, could partially substitute for PGA at high 
levels,?8 but pteroic acid, supplied by Dr. Stokstad of the Lederle Labora- 
tories, was entirely without activity. This may be direct evidence that the 
SLR factor and pteroic acid are not identical, although they appear to 
be when tested on bacteria. It is more probable that the SLR factor 
used was contaminated with PGA, since it was a natural product. 

Purines are required for growth, but the ciliate is not limited to the 
use of one. The most active is guanine (or its nucleoside or nucleotide) , 
but adenylic acid alone is sufficient for indefinitely transplantable 
growth.”? 

Either uracil (or its nucleoside or nucleotide) or cytidylic acid can be 
used to supply the pyrimidine requirement, the latter being the most 
active. Hydrolyzed nucleic acid can, of course, meet the needs for both 
the purines and pyrimidines, and this is regularly used for many of the 


studies.?? 
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What we have called Factor II2% ®% 31 represents the only unidentified 
substance required by Tetrahymena. This factor is under investigation, 
at present, in Dr. Stokstad’s laboratory, but it should be stated that its 
chemical characteristics are such that it has not hindered the work on 
the other growth factors, from all of which it is separable.» * 

Six members of the B-complex can be synthesized by the ciliate, but 
at rates too low for optimum growth. The addition of thiamine does 
not increase the growth rate during the logarithmic phase, but raises the 
maximum yield and longevity of the culture.2* Another interesting point 
regarding thiamine is that individual cell size is reduced to as much as 
one quarter of normal when the vitamin is produced endogenously. 

The other vitamins in this category, with the exception of pantothen, 
not only increase the maximum yield when added to the medium, but 
the growth rate as well. Exogenous pantothen does not affect the growth 
rate.*” 

p-Aminobenzoic acid and inositol are synthesized in appreciable quan- 
tities by the ciliate, and added amounts are without effect. The exact 
status of choline is still in doubt. 

In all studies on nitrogen and carbon metabolism, the substances listed 
in groups I and II are included, together with choline and the inorganic 
salt mixtures used by Hall and Cosgrove.** 

The usual procedure was followed in determining the essential amino 
acids for the ciliate, once it was possible to obtain growth in protein 
hydrolysates. A mixture of the 19 amino acids found in casein was used 
and single omissions were tested.2° From these results, as shown in 
TABLE 4, it appears that the ten amino acids regarded as being indis- 


TABLE 4 


Tetrahymena geleii W 


; ; ' Cells/ml., 3rd Cells/ml., 3rd 
Amino acid omitted transplant Amino acid omitted transplant 
None 320,000 Leucine 0 
Alanine 270,000 Lysine 0 
Arginine _ 6,500 Methionine 0 
Aspartic acid 290,000 Phenylalanine 0 
Cysteine ‘ 240,000 Proline 210,000 
Glutamic acid 200,000 Serine 300,000 
Glycine 260 Threonine 0 
Histidine 0 Tryptophane 0 
Hydroxyproline 240,000 Tyrosine 210,000 
Isoleucine 0 Valine ai) 


pensable for mammals were either not synthesized or synthesized in 
amounts inadequate for optimum growth. Glycine appeared to fall into 
the same category. Further tests, however, soon proved that the results 
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were misleading regarding glycine. This seems to function as a detoxify- 
ing agent for some of the non-essentials included,®* for optimum growth 
was possible using just the other 10, with small amounts of serine added. 
Serine was the only one of the non-essential amino acids which was really 
stimulatory, and has been incorporated into the medium for the later 
work. It seems possible that the role of glycine in chick nutrition, where 
it is reported to be essential in nature, is similar to what we have found 
here. 

Our eventual amino acid mixture, therefore, consisted of the ten essen- 
tial amino acids with serine added, the proportions being based on the 
published analysis of gelatin, with arbitrary amounts of tryptophane and 
valine (TABLE 5). The final medium contained 592.11 micrograms of 


TABLE 5 
Micrograms/ml. 
Based on Based on 
gelatin growth 

analysis optimum 
1(-++)-arginine mono-hydrochloride 820 80 
1(—)-histidine mono-hydrochloride 100 25 
dl-isoleucine 350 10 
1(—)-leucine 350 50 
dl-lysine 600 60 
dl-methionine 340 50 
dl-phenylalanine 140 35 
dl-threonine 200 25 
1 (—)-tryptophane 100* Q 
dl-valine 200* 15 
dl-serine 40 60 
Total 3 15 

(N 592.11) (N 71.45) 


* Amount arbitrarily added. 


nitrogen per ml. Using this medium and varying the individual amino 
acids, we determined the optimum concentrations for each. These figures 
(shown in the second column of TABLE 5) which were finally used for the 
proportions, were considerably lower than in the original mixture. Then, 
of course, the total nitrogen (71.45 micrograms/ml.) was too low, but 
by increasing the total concentration eight times, and maintaining the 
same proportions, optimum growth resulted. 

During the course of this work, we compared the activity of natural 
and racemic tryptophane and leucine. The dl-tryptophane was found to 
be approximately 75 per cent as active as the natural material. It seems 
that the unnatural isomer can be metabolized, but at a low rate. On 
the other hand, natural leucine was approximately six times as active 
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as the racemic mixture. This means that the unnatural isomer will not 
substitute for the natural and is, in addition, inhibitory. 

A number of substances were tested for their sparing action for specific 
amino acids. Cysteine was found to spare, but not replace, methionine. 
Homocystine can replace methionine (choline was present). Tyrosine 
can spare, but not replace, phenylalanine. The ciliate lacks the ability 
to condense indole with serine for the synthesis of tryptophane. Serine, 
cystine, and glycine together can partially replace valine. 

A number of years ago, Schoenheimer and his collaborators*” 3° were 
able to show, by the use of the tracer technique, that ammonium nitrogen 
was used by the rat in the synthesis of some of its amino acids. Rats 
were fed ammonium citrate containing N’, and later analysis revealed 
the presence of the isotope in some of their amino acids. It was of 


dead 


ncaa ae G=5,67 


pce dead 
cS oe 
ae A+133 micrograms ammonium nitrogen/ml, 
SS 
n 
Bae 
&) 
ra) 
5 tA 
ro) 
3 dead 
8 
A 2 
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3 
F B+2000 micrograms dextrose/ml, 
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HOURS 


G= generation time in hours during the logarithmic growth phase 
Ficure 1, 
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interest, therefore, to determine whether or not the ciliate could utilize 
ammonium nitrogen and, if so, whether or not it could replace, to any 
appreciable extent, the amino nitrogen needed for protoplasmic synthesis. 
Accordingly, the concentration of the eleven amino acids employed was 
reduced to 4 the optimum level. To this, varying concentrations of am- 
monium pyruvate were added, with and without dextrose. A typical 
example of the results of one set of concentrations is shown in FIGURE 1. 
When the organisms are limited to this small amount of amino acids, 
for architectural material and the synthesis of the other amino acids which 
go to make up their protein, as well as their sole energy supply, the life 
of the culture is curtailed (curve A). During the death phase, the cells 
become extremely emaciated. When ammonium pyruvate is added in the 
concentration shown in B (1,000 micrograms/ml. containing 133 micro- 
grams of N/ml.), the caloric content of the medium is increased approxi- 
mately five-fold by the pyruvate, but pyruvic acid is utilized so readily 
that the only striking difference is the increase in growth rate and maxi- 
mum yield. Death results at about the same period. When 2,000 micro- 
grams/ml. of dextrose is added to the amino acid medium (C), the 
caloric content is increased ten-fold. Growth is slower, but the maximum 
yield is increased. Probably, essentially all of the amino acids can be 
used for protein synthesis, either as the essential building blocks or for 
synthesis of the non-essentials, and none need be consumed for energy. 
By ten days, however, these cultures are likewise dead (curve C). Evi- 
dence of the wasting away of the cells is postponed. When both ammonium 
pyruvate and dextrose are added (D), the caloric content of the medium 
is approximately fifteen times greater than that supplied by the amino 
acids alone. The shape of the growth curve is normal, the cells do not 
become shriveled, and a fairly high population is maintained for long 
periods of time. The addition of ammonium nitrogen makes it possible 
for the ciliates to synthesize protoplasm in a medium otherwise extremely 
deficient. The conditions, then, for the maximum utilization of am- 
monium nitrogen by the ciliates, are an adequate energy source, just 
enough of the essential amino acids (and in the proper balance) to meet 
the immediate needs of body protein synthesis, and an adequate supply 
of ammonium nitrogen for the synthesis of the non-essential amino acids. 

We feel that these results may have far-reaching nutritional implica- 
tions. It was shown as early as 1900, by Kellner,®® that ruminants could 
utilize ammonium nitrogen as part of their diet, but he ascribed this to 
the ability of the microorganism in the rumen to convert the ammonia 
to protein. This idea was given support, in 1939, by Schmid,*? who 
found that, of the microorganisms present in the rumen, only certain 
of the bacteria were responsible for converting ammonium nitrogen to 
bacterial proteins. Essentially the same results were reported by Klein, 
in 1941.41 The possibility, indicated clearly by Schoenheimer’s work with 
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tracer nitrogen in the rat, that higher animals, other than the herbivores, 
might be able to utilize non-amino-nitrogen in a nutritional sense, does 
not seem to have received the attention it deserves. If it is at all legitimate 
to compare the metabolism of Tetrahymena with higher types on the 
basis of its amino acid requirements, its vitamin pattern, and, as Thomas*” 
has shown, of its anaerobic respiratory mechanism, then it seems that 
the possibility should be explored as to whether or not an appreciable 
part of the nitrogen requirement of even the human can be supplied 
by ammonium salts—in view of their cheapness. 

This brief résumé of some of the biochemical and physiological aspects 
of the animal protozoa, mainly Tetrahymena, indicates some of the basic 
principles which can be attacked using this type of material. If even a 
few of the fundamentals of animal cell metabolism can be finally under- 
stood by their use, these protozoa will have contributed their fair share. 
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THE NUTRITION OF MALIGNANT TISSUE IN VITRO 
By Puiuie R. WHITE 


Institute for Cancer Research, Philadelphia, Pennsylvania 


The title of this paper is not of my own choosing but was suggested 
to me by the conference committee. I shall, I fear, fulfil my obligation 
more in the breach than in the fact, for there is very little of fact that 
can be said about the nutrition of any tissue, any animal tissue at least, 
in vitro, and still less about malignant tissue. All that I can do is to 
outline some of the problems and suggest approaches likely to lead to 
their solution, from my work on tissue cultures and their nutrition, first 
with plant tissues (vide Dr. Robbins) and, more lately, with animal 
tissues. The history of tissue cultures is a long and complex one. 
Haberlandt first outlined the problem in 1902, and made the first 
consistent attempts to solve it. The first successful short-term cultures 
were carried out five years later, by Harrison, using clotted lymph as 
both substratum and nutrient. Burrows substituted plasma for lymph, 
and Carrel introduced the use of embryo juice, thus making possible the 
consummation of cultures of unlimited duration. The Carrel method 
remained standard from 1912 until his death. 

Obviously, a nutrient made up of blood plasma and embryo juice, 
even though one may be able to prepare it with sufficient precision to 
obtain duplicable results, is nevertheless not suitable for nutritional studies. 
If we are interested in thiamin nutrition, for example, we cannot start 
from scratch. Embryo juice contains thiamin. If we subject it to suffi- 
ciently drastic treatment to destroy or remove the thiamin, we have rea- 
son to believe that we may, at the same time, destroy or remove other 
nutrient factors as well. If we do not so treat it, we are dealing with 
an unknown base line. It is like trying to study the physics of bounce 
in a rubber ball without knowing if it is being bounced against a concrete 
“floor or a deep pile carpet. If we are interested, as one of my friends 
has been, in the synthesis of thyroxin in tissue culture, we encounter a 
similar problem, for thyroxin contains iodine, while embryo juice and 
plasma contain minimal, only imprecisely known, and probably variable 
amounts of iodine. If thyroid tissue cultures fail to form thyroxin, we 
do not know if this is due to some general change in metabolism or merely 
to iodine deficiency. Mere adding of iodine to the plasma still gives 
us an unknown base. It is quite impossible, at present, to study the nutri- 
tion of normal tissues im vitro in any precise manner. Obviously, if we 
cannot study the nutrition of normal tissues in vitro, we have little chance 
of studying that of malignant ones. It will, thus, be necessary, before any 
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real studies can be made on the nutrition of either healthy or malignant 
tissues, to develop nutrients of precisely known constitution which con- 
tain all the elements necessary for survival and continued growth and 
which do not contain elements which are not necessary for survival 
and growth. Only when it is possible to bring about failure of a culture 
by omission of any single element or known substance from the nutrient, 
and bring about marked change in behavior by addition of any single 
significant element or substance, can we begin to study tissue nutrition. 
Such a nutrient should supply the base line, the control for all studies. 
At the moment, however, it is not available. / 

A problem of this sort can be attacked in either of two ways, or both 
ways at once. We can analyze a complex nutrient such as embryo juice, 
which is known to be capable of supporting unlimited growth, to deter- 
mine which of its constituents are really essential. Or we can use the 
scraps of evidence available from collateral fields as a basis on which 
to bring together a variety of relatively simple substances, in the hope 
of arriving at some combination which will support growth. Until 
recently, only the first approach has been extensively employed, for fairly 
evident reasons. 

Analysis is always the first step in science. Carrel and Baker sought 
to analyze embryo juice by a variety of physical and chemical means. 
They concluded that animal fibroblasts could not utilize simple com- 
pounds such as amino acids but required complex proteoses or poly- 
peptides and, in addition, unknown trephones, alexins, and other sub- 
stances. ‘Their work never led to the elimination of either plasma or 
serum from the nutrient. Simms has approached the problem in a some- 
what similar fashion by the use of his “ultrafiltrate”? which, while it is 
probably proteose in nature, is still an unknown of considerable com- 
plexity. 

It is probably true that, as recently as ten years ago, no other approach 
to the problem offered any considerable hope of success. For, by then, 
our knowledge of the nutrition of organisms had hardly passed beyond 
the carbohydrate-protein-fat stage. We had some glimpses of the sig- 
nificance of vitamins and hormones, but no usefully precise knowledge. 
That, however, is no longer true. We now know the vitamin require- 
ments of a great many organisms, and we have a pretty good picture of 
the amino acids and other protein constituents required. Moreover, 
collation of our information on a wide variety of organisms permits us 
to make certain generalizations which can be extended to organisms not 
yet studied. When we find thiamin an essential constituent in the diet 
of chicks, fungi, and tomato roots, we are safe in assuming its necessity 
for fibroblasts, since fibroblasts are, themselves, “elementary organisms”. 
The fact that some organisms can make their own thiamin at varying 
levels of sufficiency, does not at all affect the conclusion that we should 
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try thiamin as a constituent of any nutrient which we wish to devise. 
When we find histidine an essential constituent in the diets of rats and 
diphtheria bacilli, or glycine an effective nutrient for tomato roots and 
also an important constituent of anti-shock synthetic serum, we can look 
upon them as probable constituents of tissue nutrient solutions, even 
though histidine is not essential for maintenance of nitrogen balance in 
man, and glycine can be dispensed with by rats. When we find biotin 
cropping up as the “bios” of yeast, as a co-enzyme in legume bacterial 
respiration, as a nerve vitamin, and as an essential nutrilite for Neurospora, 
we can look upon it as a general requirement. This means that we have 
more than the beginning, I should say, on which to build a real syn- 
thetic nutrient for animal tissue cultures and thus establish the necessary 
base line for a real study of tissue nutrition. 

Has this information been made use of adequately? I think not. Baker, 
and Baker and Ebeling have introduced certain vitamins into the nutrients 
for fibroblasts, but omission of pyridoxine, niacin, pantothenic acid, 
inositol, biotin, choline, and folic acid from any mention in their studies 
surely leaves much to be desired. Parker tells me that an amino acid 
mixture was used in some of Carrel and Lindberg’s studies, but this was 
not published. Gey concluded that most amino acids were toxic, as one 
would gather from the literature of Carrel, Baker, Burrows, and others. 
While I feel fairly sure that others have thought along these same lines 
and must have carried out some investigations, I am familiar with only 
three groups which appear to have attacked the problem consistently and 
with some success. I refer to the groups centering around Simms in 
New York, Fischer in Copenhagen, and myself in Philadelphia. 

I shall not attempt to speak for Dr. Simms. His work on the serum 
ultrafiltrate is an attempt to push back the bounds of ignorance by 
analytical methods and then to pile synthesis onto this base. His work 
on phosphate level as a factor in cell type dominance is important. 
Filtration, however, still does not, to my mind, establish a sufficiently 
clear base line, nor has Simms’ group made adequate use of our newer 
nutritional knowledge. I think that much can be done with ultrafiltrate 
as a base, much more than has been done, by way of superimposing 
various growth-requirements thereon. But, at best, these will constitute 
a partial, though important, answer. 

Dr. Fischer’s work in Copenhagen has been pushed a little farther 
in the direction I have in mind. He has dialyzed his plasma to a point 
where it will no longer support any growth, and then added synthetic 
solutions thereto. With the nutrient constituents of plasma especially 
in mind, Dr. Fischer has tried an amino acid mixture equivalent to fibrin, 
with very great success. But he has not made extensive tests of the other 
nutrient requirements and has now reverted to the analytical approach, 
His, too, is therefore only a partial answer, 
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The lack of adequate consideration of these factors has long impressed 
me and, three years ago, I undertook to try my hand at remedying the 
situation, not without hesitation, for my training as a plant physiologist 
is rather far removed from oncological physiology. It has, on the other 
hand, given me the occasion to acquaint myself with a broader range 
of the nutrition literature than, I think, is true of most tissue culturists. 
In planning this work, I have considered it desirable not to stop at the 
level of an ultrafiltrate or a dialyzed plasma, but to go all the way to a 
completely synthetic medium, eliminating both plasma and embryo juice, 
growing my tissues in test tubes directly on glass, without any organic 
framework, and substituting a liquid medium of known constitution for 
the usual brew. Not all tissues will attach themselves directly to glass, 
but chick embryo heart muscle, skeletal muscle, and epithelium will all 
establish a satisfactory attachment if allowed to fix themselves for about 
two hours in sealed tubes before adding the liquid phase. 


TABLE 1 
Nutrient Usep IN CULTIVATION oF CHiIck Tissugs In Vitro 


| 
Inorganic factor mg./100 ml. Vitamin mg./100 ml. 

dextrose 850.0 thiamin 0.01 
NaCl 700.0 pyridoxine 0.05 
KCl 37.5 niacin 0.05 
Ca(NOs:)2°H2O 21.0 riboflavin 0.01 
MgSO, 27.5 inositol 0.05 
NazHPO,¢ 12H2O 14.5 ca-pantothenate 0.01 
KH.PO, 2.6 biotin 0.01 
NaHCO; 55.0 choline 0.50 
Fe(NOs)s¢9H2O 0.14 folic acid 0.0001 
dl-lysine HCl 15.6 carotene 0.01 
dl-methionine 13.0 vitamin A 0.01 
dl-threonine 13.0 ascorbic acid 0.05 
dl-valine 13.0 glutathione 0.10 
l-arginine HCl 7.8 cysteine HCl 0.10 
]-histidine HCl 2.6 phenol red 1.50 
dl-isoleucine 10.4 

dl-phenylalanine 5.0 

]-leucine 15.6 

dl-tryptophane 4.0 


The nutrient developed for this work (TABLE 1) differs, in many respects, 
from all others in the literature. The inorganic portion replaces CaCl, 
with Ca(NOs3) 2, and MgCl with MgSO,. It adds Fe(NOs) 3 as a source 
of iron. The dextrose concentration is increased from 0.1 per cent to 
0.8 per cent. There have been other minor concentration changes. 
Vitamins supplied are thiamin (Bj), riboflavin (Bz), pyridoxine (Be), 
niacin, biotin, calcium pantothenate, ascorbic acid (C), carotene, inositol, 
choline, and folic acid. The necessity for all these has not been individu- 
ally determined: this is, admittedly, a shot-gun mixture which will have 
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to be studied in more detail, which can probably be simplified, and may 
ultimately need to be enlarged. All we can say, at present, is that chick 
embryo tissues do better with all of these vitamins included than they do 
when all are omitted. 

Perhaps the most clearly important modification has been, contrary 
to the previous literature on the subject, the inclusion of amino acids in 
the nutrient. Those added for their nutritive value were chosen to cor- 
respond with Madden and Whipple’s blood plasma substitute, and in- 
cluded lysine, methionine, threonine, valine, arginine, histidine, isoleucine, 
phenylalanine, leucine, and tryptophane. Cysteine and glutathione 
(glycine, glutamic acid, cystine) were added as buffers against break- 
down of the vitamin A solution. Addition of this amino acid mixture 
increases survival of chick embryo tissues from the control level of five 
or six days to more than 50 days. That the amino acids are of crucial 
importance for growth of tissues and that, contrary to the earlier belief, 
they can be utilized in this form is, I think, now established beyond ques- 
tion by my own work and that of Fischer. Here, again, the mixture has 
not yet been subjected to detailed study and can, in all probability, be 
improved by simplification and expansion. 

Fischer tried this same amino acid solution superimposed on a plasma 
base. He concluded that it was without effect, but that a somewhat 
different solution, based not on Madden and Whipple but on Bergmann 
and Niemann’s fibrin analyses, was an effective nutrient. I have not yet 
tried Bergmann and Niemann’s formula. I think it may be significant, 
however, that it contains both cystine and glutamic acid, which were 
not present in Madden and Whipple’s mixture as supplied by Fischer, 
but were supplied in my work as glutathione in the vitamin mixture. 
Moreover, Fischer’s tests were made without vitamin supply and, pre- 
sumably, without a known iron supply. It will be interesting to compare 
the two solutions under my conditions. ; 

Using this admittedly complex and insufficiently elucidated but never- 
theless fully synthetic nutrient, it has been possible to maintain chick 
embryo heart muscle beating for six weeks with repeated renewal of 
nutrient; skeletal fibroblasts in good condition for eight weeks; and 
epithelium and neural elements for somewhat shorter periods. The 
nutrient has not been tested extensively on adult avian tissues or mam- 
malian tissues. It has not been tested at all on malignant tissues. All 
this represents a beginning, hardly more. 

While the subject of this paper was to be nutrition of malignant tissues, 
they have hardly been mentioned so far. Lambert and Hanes 35 years 
ago, Fischer 20 years later, and others at various times, have shown that 
malignant tissues tend to liquefy plasma somewhat more rapidly than 
do normal tissues. As a concomitant of this liquefaction, which appears 
to be a digestive process, malignant tissues are able to survive and grow 
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at the expense of substrata which are insufficient for normal tissues. 
Carrel and Baker studied the effects of various tissue digests on sarcoma 
cells in 1928, while Demuth and von Riesen, at about the same time, 
carried out similar studies with carcinoma. Fischer and his co-workers 
also made studies of the same sort. The conclusion has been more or 
less identical in all these studies: that malignant tissues possess an 
enzymatic’armamentarium which permits them to survive at the expense 
of nutrient conditions which are not suitable for normal tissues. It has 
been assumed that these conditions represent simpler compounds, that 
malignant tissues can use amino acids while normal tissues require pro- 
teoses. However, this was an assumption based on indirect evidence and, 
as Fischer and I have recently shown, it was an unsound assumption, for 
normal tissues can also utilize simple compounds. There obviously exists 
the alternative possibility that malignant tissues release amino acids from 
plasma, but that, in doing so, they are merely duplicating the quantitative 
conditions which already exist in embryo juice. Fischer’s demonstration 
that normal tissues will grow, though slowly, on plasma alone, but will 
not do so on dialyzed plasma, supports this view, adding one more case 
in which the difference between normal and malignant tissue appears 
to be quantitative and not qualitative. 

This leaves us still with very little in the way of facts concerning the 
nutrition of malignant tissues. I do not like to deal in theories but, in 
the absence of facts, I am prepared to run the risk of entering into a 
short discussion of the possible nature of malignant tissues, drawing upon 
my background in plant physiology for analogies. 

We possess, in plants, certain tumors called grown galls which bear 
many resemblances to animal cancers and can be manipulated in many 
ways not yet available to animal oncologists. Braun’s work on heat 
therapy in crown gall tumor production on Vinca rosea has established 
that the irreversible change from normal to malignant cells goes to com- 
pletion in not more than 72 hours and is probably complete in consid- 
erably less time than that. Earle has, in a somewhat more tentative way, 
shown that the induction of malignancy in cultures of mouse tissues by 
use of methylcholanthrene is, likewise, complete in not more than six 
days. Black’s work on the involvement of wounding in the induction 
of virus tumors in plants, and Rous and Kidd’s studies on the effects of 
wounds and tar in accelerating the malignant change of the Shope papil- 
loma, also indicate that the actual cancerization may be a relatively 
abrupt process. 

The mutation theory of cancer is an old one. Dr. Tatum discussed 
its merits in one of the preceding papers, and some of my remarks may 
overlap his. The mutation theory has, in general, been rejected because, 
unlike all other known mutations, it seems to be consistently unidirec- 
tional. You either have cancer or you have nothing. Mutations just 
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don’t act that way. But-is this a true statement of the facts? Are we 
not setting up our conditions in such a way that this is the only possible 
visible result? In plant tumors, we have reason to believe that one of 
the major factors in the development of malignancy is the sudden 
enhancement of the cell’s capacity to synthesize the auxines necessary for 
its independent growth. Normal plant cells do not make quantities of 
these substances sufficient for autonomous growth, while malignant cells 
do. Now, where else in plant biology do we find a similar sudden change 
in the synthetic capacities of a cell? You will realize, immediately, that 
it is in the biology of Neurospora as elucidated by Beadle and Tatum. 
Here, mutations have occurred which result in sudden changes in the 
metabolism of the cell. These mutations are lethal, except when segre- 
gated by careful nutritional studies, based first on the establishment of 
a synthetic basic nutrient. The “wild-type” nutrient contains only biotin 
as accessory nutrilite. For the mutants, single substances or simple sub- 
stance combinations must be added thereto. Now, what would happen 
if similar mutations were to occur in the somatic tissues of a mammal? 
These tissues are dependent on the blood stream for such of their needs 
as they are not capable of covering by their own metabolism. We know 
that this dependence is great. If a mutation occurred by which the 
normal capacity of a particular cell to synthesize a substance supplied 
by the blood stream, such as pyridoxine, was lost, that loss would be with- 
out any visible effect. If a mutation occurred by which the synthesis 
of a substance required for survival and not supplied by the blood stream 
were lost, the cell would die and a minute necrotic locus would result 
which would soon be repaired. If a mutation occurred by which the 
capacity to synthesize a substance such as insulin (which is supplied by 
the blood stream) was acquired, this would result in a notable response 
only if the concentration of that substance normally present was a limit- 
ing factor in tissue growth. Thus, knowing that thiamin is normally 
present in the blood stream at considerable concentration, and that 
thiamin is one of those substances of which one cannot get an overdose, 
it is clear that a mutation by which the cell’s capacity to synthesize 
thiamin was either reduced or enhanced would produce no visible result 
whatever. Such a mutation would never be detected by our present 
methods. The same would be true of any substance which, while not 
present in the blood stream, is nevertheless neither necessary nor injurious 
to the cell. Only if the substance was a limiting one, would the response 
be visible. Now, in plant tumors, we have such a response. Plant tissues 
require auxine for autonomous growth. Their synthetic capacity fur- 
nishes a limiting condition in their behavior. When a capacity to syn- 
thesize auxine at a high level is acquired, there is an immediate escape 
from dependence on the surroundings, in the form of cancerization. 
There is reason to believe that the steroids may play a role in carcino- 
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genesis in animals. They are probably synthesized at low levels by many 
cells, but synthesis at a level significant for growth is ordinarily restricted 
to certain cells whose metabolism is adapted to handling them without 
untoward results. If, now, a tissue cell should abruptly acquire the 
capacity to synthesize steroids at a level which would free it of dependence 
on its surroundings, this might serve as the trigger for the development 
of what we call malignancy. I do not wish to emphasize this particular 
example. What I do want to stress is that, with our present methods 
of diagnosis, this is the only kind of a mutation that we would recognize. 
This is not quite true, for the abnormal production of melanin 1s 
recognizable in melanotic moles which, as we well know, are often asso- 
ciated with or precursors of malignancy. Alcaptanuria, phenylpyruvic 
idiocy, albinism, etc., are all examples, in man, of metabolic somatic 
mutations which are recognizable. It seems to me extremely likely that 
similar mutations are occurring in the body constantly, and that they are, 
for the most part, unknown to us because, while melanosis, tumorization, 
and malignancy are visible, others are beyond our methods of diagnosis. 

If, on the other hand, we had means of growing cells im vitro under 
conditions which could be adequately controlled, there would immedi- 
ately become available to us the whole gamut of nutritional, respirational, 
enzymatic, and other studies which are used in diagnosing mutations in 
Neurospora and which have, in the past decade, given us such a large 
measure of command over the metabolic destinies of man and beast. It 
is for that reason that I have set up this hypothesis in discussing the 
nutrition of malignant tissues in vitro, for it is a hypothesis which can 
only be examined by such an approach. There seems to me to be no 
doubt that such an approach is needed and, although, as I must empha- 
size again, I can at the moment contribute little in the way of factual 
knowledge to the problem of malignant tissue metabolism, I hope to have 
pointed the way to possible methods of remedying this lacuna. 
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EFFECTS ON THE GENESIS AND GROWTH OF 
TUMORS ASSOCIATED WITH VITAMIN INTAKE 


By Harotp P. Morris 


National Cancer Institute, National Institute of Health, United States 
Public Health Service, Bethesda, Maryland 


Nutritional factors, such as vitamins, which may be involved in the 
genesis of cancer should be clearly distinguished from nutritional con- 
stituents which influence the growth of a tumor that is already present, 
because the two processes may be quite different. Likewise, it is not pos- 
sible to make extensive generalizations from the effects obtained on one 
tumor to those which may prevail for other types of tumors. It is exceed- 
ingly difficult as well as hazardous, therefore, at the present time, fully to 
evaluate the role of vitamins in the origin and growth of cancer. It is, 
nevertheless, reasonable to believe that certain essential dietary constitu- 
ents, including vitamins, are involved in the genesis or growth of tumors. 

The experiments described in this paper were conceived and carried 
out to show the effects of different vitamin levels on the genesis as well 
as the development of tumors. In the change to malignancy, the require- 
ments of the altered cell may be such that it now requires more, less, 
or none of some vitamin essential to the normal cell. Two objectives 
of these nutrition studies have thus been the determination of the influ- 
ence of vitamin intake (1) on the in vivo growth of tumors already 
formed, and (2) on the genesis of cancer. The availability in pure form 
of pantothenic acid, pyridoxine, thiamine, and riboflavin made feasible 
the initiation of such experiments. 

The problem so far has included investigations of the following points: 
(1) the quantitative appraisal of the host’s requirement for the given 
vitamin; (2) effect of a rapidly produced, extreme deficiency of the vita- 
mins on the growth of tumors; (3) effect on the growth of the tumor 
of a vitamin intake just adequate to maintain body weight of the non- 
tumor-bearing adult animal; (4) other effects of vitamin deficiency or 
supplementation on tumor and host; and (5) influence of a prolonged 
partial vitamin depletion of the animal on the genesis of spontaneous 
mammary tumors. 

Not all of the above points will be fully presented in this discussion, 
and many details already published or to be published will be omitted 
in order to give briefly an overall picture of the in vivo studies so far 
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MATERIALS AND METHODS 


The diets used in our experiments contained all the dietary essentials 
except for the single one being studied. Two types of short-term deficiency 
experiments were carried out: (1) Rapid extreme depletion of the animal 
in a given vitamin by feeding the animal a diet adequate in all other 
dietary essentials except the one under investigation, with the diet as 
completely devoid of that vitamin as it was possible to prepare it. 
(2) Partial depletion of the animal in a given vitamin by adding just 
sufficient of the vitamin to the deficient diet to permit maintenance of 
body weight of the non-tumor-bearing animal. 

In producing the first type of short-term deficiency, a very rapid and 
extreme depletion of the animal occurred during a period of a few weeks. 
In the second type, the animal was never sufficiently depleted to develop 
clinical symptoms of deficiency. 

Long-term partial depletion of riboflavin was produced in mice by 
allowing the animal to consume ad libitum a diet which contained just 
sufficient riboflavin over a prolonged period to prevent the development 
of gross clinical symptoms of ariboflavinosis. 

The requirements for pantothenic acid, riboflavin, pyridoxine, and 
thiamine were carefully determined for growth of young mice and main- 
tenance of adult body weight of animals without tumors prior to the 
experiments on adult mice with tumors.’ *& Strain C3H mice were 
used throughout. ‘The spontaneous mammary tumor arising in this strain 
was utilized for the studies on tumor genesis and growth. Growth rate 
of the tumor was determined at weekly intervals over a period of several 
weeks. The size of the tumors was determined by measuring two 
diameters of the tumor with a caliper and expressing the size as the 
product of these two measurements. 


EXPERIMENTAL RESULTS 


Growth of Tumors During Short-Term Extreme and 
Partial Vitamin Deficiencies 


PANTOTHENIC Acip. Short-term severe pantothenic acid deficiency 
inhibited growth of normal young mice and resulted in loss of body weight 
of adult animals. The influence of a deficiency of pantothenic acid on 
tumor growth was determined by placing C3H mice bearing small spon- 
taneous mammary adenocarcinomata on this diet, which was extremely 
deficient in pantothenic acid. The average rate of growth of tumors 
was followed for several weeks. During this time, the average growth 
rate was definitely retarded, as shown by curve B of ricurr 1. The much 
more rapid average rate of growth of the tumors in control animals 
whose diet was supplemented with a large excess of pantothenic acid, is 
shown by curve A of Ficure 1. The supplementation of the diet with 
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Ficure 1. Effect of pantothenic acid on tumor growth rate. The numbers in the circles 
represent the number of tumors used to obtain the average values on the curves. 


pantothenic acid after four weeks of extreme deficiency in a third group 
of animals also increased the average rate of growth of tumors, as shown 
by curve C' of FicurE 1. It was concluded, from these experiments, that 
pantothenic acid deficiency retarded the growth of the mammary tumor. 

Pyripoxtne. ‘This vitamin is essential for the adult mouse. Rapid 
loss in body weight and death in approximately seven weeks occurred 
in adult mice fed, in a short-term experiment, a diet extremely deficient 
in pyridoxine,* as shown by curve A of FicuRE 2. The addition of 
pyridoxine to the deficient basal diet, beginning with the fifth week, 
brought about a very rapid recovery of the body weight (curve B, FIGURE 
2). No similar loss in body weight was found with tumor-bearing mice 
given the same pyridoxine-deficient diet.* In a second group of tumor- 
bearing mice, after three weeks of deficiency only a slight increase in body 
weight was noted following the addition of pyridoxine to the diet, as 


shown in FIGURE 3B. 
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The amount of pyridoxine in the diet did not affect the rate of growth 
of the spontaneous tumor. The average rate of growth of the tumors 
during a 6-week period of deficiency, as shown in FIGURE 3A (solid line), 
was the same as the rate of growth after three weeks of deficiency fol- 
lowed by pyridoxine supplementation for five weeks (solid and broken 
line). 

THIAMINE. One of the first effects observed in adult mice deprived 
of thiamine was a self-induced restriction in food consumption* which 
rapidly resulted in complete failure to ingest food even though the 
period of depletion was relatively short. In the absence of thiamine, 
Morris and Dubnik* observed a rapid loss in body weight of adult mice, 
followed by death in 3-4 weeks. That death was brought about primarily 
through this failure to ingest food rather than from a deficiency in 
thiamine, was shown by another group of mice receiving the thiamine 
but restricted to the same quantity of food consumed voluntarily by the 
thiamine-deficient animals. In this diet-restricted group, death occurred 
at approximately the same time as in the deficient group. 
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Ficure 3. B. Average body weight of adult tumor-bearing C3H mice fed a pyridoxine- 
deficient diet (solid line), and after supplementation with pyridoxine (broken line). 

A. Average rate of tumor growth in mice fed a pyridoxine-deficient diet for five or more 
weeks (solid line); same for mice fed the deficient diet 8 weeks and then supplemented with 
pyridoxine (solid-broken line). The numbers in both A and B represent the number of 
animals or tumors used to determine the point on the curve. At the bottom of figure A, 
the average amount of food consumed by the tumor-bearing mice is given. 


That the retarded rate of growth of the spontaneous mammary tumor 
in mice extremely deficient in thiamine was also due primarily to the 
failure of the animal to ingest an adequate quantity of food, was demon- 
strated in analogous experiments carried out with tumor-bearing animals. 
The rate of growth of tumors on the thiamine-deficient diet is iilustrated 
by FicurE 4, right half, curve D, while curve E shows the growth obtained 
when the amount of thiamine-supplemented diet was restricted to the 
same quantity of food consumed voluntarily by the thiamine-deficient 
animals. The growth rate of the tumors in both groups was essentially 
parallel. 

The average growth rate of the tumor was not affected in mice ingesting 
diets containing 1-2 y of the vitamin per gram of food, an amount just 
sufficient to maintain body weight of adult tumor- and non-tumor-bearing 
mice (Ficure 4, right half, curves A, B, and C). 
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Ficure 4. Average body weight of tumor-bearing C3H mice fed different amounts of 
thiamine: curve A, 2 y per gram of food; curve B, 1.0 y for 3 weeks, then 40 y; curve C, 
1 y; average rate of tumor growth on different levels of thiamine supplementation as 
indicated by the legend. Mice shown in curves D and E received same amount of food. The 
numbers at different points on the curves refer to the number of animals used to obtain the 
average values. 


A method to circumvent the voluntary restriction of food intake of 
thiamine-deficient mice was devised.* This was accomplished by forcibly 
feeding two groups of paired mice the same quantity of thiamine-deficient 
or thiamine-supplemented food, respectively. The body weight was rea- 
sonably well maintained in both groups by this procedure (upper two 
curves of FIGURE 5). The average growth rate of the tumors in thiamine- 
deficient, forcibly fed mice appears to be slightly accelerated (FicuRE 5, 
curve 110), when compared to the average rate of growth of the tumors 
in the thiamine-supplemented, forcibly fed group (FIGURE 5, curve 79). 

The slightly decreased average rate of growth of the tumors in the 
thiamine-supplemented, forcibly fed group may even indicate a depress- 
ing effect of thiamine on the growth of the tumor. Dobrovolskaia- 
Zavakskaia® has reported retarded growth of the mouse spontaneous 
mammary tumor after daily, subcutaneous injections of 40-60 y of 
thiamine, amounts similar to the amounts ingested in the above experi- 
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ments.: Such injections were also reported to prolong the life of the 
animal. f 

Rrsoriavin. Extreme deficiency of riboflavin in non-tumor-bearing 
adult mice was shown by Morris and Robertson® to result in loss of 
body weight, followed by death in about nine weeks. Young mice failed 
to grow after the initial stores of riboflavin were used up, maintained 
their body weight for several weeks, and then died from the effects of 
riboflavin deficiency, with only slight loss in body weight. 

Morris and Robertson® found that extreme deficiency of riboflavin 
decreased the rate of tumor growth, when compared to the average rate 
of growth of the tumor in mice on a riboflavin-supplemented diet. The 
tumors of mice extremely deficient in riboflavin showed a gradually 
decreasing average rate of growth which was more pronounced during 
the terminal period of the experiment (FIGURE 6, curves A and B). 
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Ficurr 5. The average rate of tumor growth (lower two curves), 
and average body weight (upper two curves), of mice forcibly fed a 
thiamine-deficient diet (solid lines), and a thiamine-supplemented diet 
(broken lines). The circled numbers represent the number of animals 
used to obtain the averages. 
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Riboflavin supplementation in another group of mice after three weeks of 
deficiency caused a striking stimulation of the depressed growth obtained 
during the deficient period (F1cuRE 6, curve C’). Gross clinical symptoms 
of riboflavin deficiency were just beginning to appear in the host at the 
time riboflavin was added to the diet. A fourth group fed the deficient 
diet for 3 weeks, then given a riboflavin-supplemented diet for 2 weeks, . 
followed by a second period of riboflavin deficiency, showed depression 
of tumor growth during both deficient periods and stimulation during 
riboflavin ingestion as shown by FicuRE 6, curve D. 

No decrease in the average rate of growth of the tumor was observed 
in mice partially depleted in riboflavin,® or if the level of riboflavin given 
was just sufficient to maintain the body weight of the non-tumor-bearing 
adult mouse. The average rate of tumor growth in mice on this mainte- 
nance level of riboflavin is illustrated by the tumor growth curve shown 
in FIGURE 7, curve E. Mice on this maintenance level of riboflavin for 
four weeks were then given a diet supplemented with a large excess, 
10 y per gram of food, of riboflavin. These animals did not show any 
stimulation in the growth of their tumors after the addition of riboflavin. 
This was in contrast to what was observed in groups made extremely 
deficient in riboflavin prior to supplementation. The decreased rate of 
growth of tumors in mice extremely deficient in riboflavin is shown for 
comparison (curve B of ricurE 7, reproduced from FicuRE 6). 
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_Ficure 6. Average rate of tumor growth in acute riboflavi i 
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FicureE 7. Average growth rate of mammary tumors: B, riboflavin- 
deficient; H, supplemented with a maintenance level of riboflavin; 
F,, supplemented with a maintenance level of riboflavin. After 4 weeks, 
increased to 10 y riboflavin per gram of food. 


It would appear from these data that the host must be made extremely 
deficient in riboflavin before noticeable retardation of the growth of the 
spontaneous mammary tumor occurs. 


Other Effects of Riboflavin Deficiency or Supplementation 
on Tumor and Host 


TissuE CoNCENTRATION. Additional information was sought on the 
role of riboflavin in the growth of tumors by studying the riboflavin 
concentration of tumor, liver, and muscle, three tissues likely to contain 
large amounts of this vitamin. A decrease in riboflavin concentration 
approximating 50 per cent of normal in both tumor and muscle was 
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found in animals after ingestion of the basal diet deficient in riboflavin 
for six weeks, as shown by the data given in TABLE 1. The riboflavin 
concentration in the liver, however, had decreased by 50 per cent in 
four weeks with an insignificant further decrease by six weeks, as shown 
in TABLE 1. The decrease in riboflavin concentration found in the liver 


TaB_e 1 
AVERAGE RIBOFLAVIN CONCENTRATION IN Mouse TISSUE 


Riboflavin per gm. 
of dry tissue 


Period of Mice =| ae 
Mice deficiency, | analyzed, Diet Liver Muscle | Tumor 
weeks No. No. bg. ug. bg. 
Normal 0 5 67 > 115-6 13.8 
6 5 66 58.5 9.1 
Tumor-bearing 0 5 Stock* 112.8 16.1 29.94, t 
0 5 67 120.7 16.3 29.5 
1 5 66 100.0 12.4 29.55 
Z 5 66 99.2 12.4 25.0 
3 5 66 81.5 11.6 26.5 
4 6 66 61.8 10.3 19.4 
6 7 66 64.6 pigs! 16.5 
Standard deviation TAD 1.18 1.09 
Standard error 4.90 75 69 
Amount necessary for significant difference at 5 per 
cent point 9.97 1.50 1.46 


* Purina dog chow. 
}{ Pooled sample, calculated from fresh-weight analysis. 


t aa! used in statistical calculations because the analysis was determined from a pooled 
sample. 


followed rather closely the observed decrease in body weight of the defi- 
cient mice, while the somewhat slower decreasing concentration noted 
in the tumor of the deficient mice seemed to follow more closely the 
decreased rate of tumor growth observed in these deficient animals. 

A comparison of the decreasing rate of growth of the tumor in ribo- 
flavin-deficient mice (FIGURE 8, curve B) shows a striking similarity to 
the riboflavin concentration of the tumor in riboflavin-deficient mice 
(curve C). The data for curve C were obtained from TaBLE 1. The 
greatest decrease in both the rate of growth and the riboflavin content 
of the tumors occurred during the third to fifth weeks of the vitamin 
deficiency. 

Toray Size oF Tumors. All palpable tumors arising in two different 
groups of mice receiving riboflavin-deficient and supplemented diets were 
combined, and the average total size of tumors per mouse calculated for 
each group. The mice were started on the diets when the first tumor 
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was observed. The supplemented group received 10 y of riboflavin per 
gram of food. The deficient group received the basal diet deficient in 
riboflavin.® 

A striking decrease was noted in the average total size of the tumors 
in the deficient basal diet group, when compared to the size of tumors 
in the group on the diet supplemented with riboflavin. This is illustrated 
in curves A and B of Ficurs 8. 

A striking decrease was found in the rate of growth of tumors in mice 
deficient in riboflavin compared to mice receiving a supplement of ribo- 
flavin, as noted in FicuRE 6, curves A and B. This difference in rate of 
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Ficurp 8. Average total tumor size and tumor riboflavin concentration. Curve A, ribo- 
flavin-supplemented mice; curve B, riboflavin-deficient mice; curve C, tumor concentration 
of riboflavin in deficient mice. 
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growth was obtained by using only those tumors present when the experi- 
ment was started, and did not include any of the additional tumors which 
developed during the course of the experiment. When all the tumors 
that arose in the two groups were used and compared (as illustrated in 
FIGURE 8, curves A and B), however, a much more striking difference 
was found between the supplemented and deficient groups. This addi- 
tional effect is due to the increased number of tumors arising in mice 
receiving the riboflavin supplement. 

Tumor SizE AND LENGTH OF SuRvVIvVAL. The amount of riboflavin 
in the diet affected the length of survival of mice with mammary tumors.® 
This was a direct relation, for it was found that tumor-bearing mice, 
when fed the riboflavin-deficient diet, survived an average of 40 days, 
while the animals fed the supplemented diet (10 y per gram of food) 
survived, on the average, 62 days. If, however, the mice were first 
depleted in the vitamin for three weeks and their diet then supplemented 
with the 10-y level of riboflavin, their survival time was extended to 76 
days. 

Thus far, it has been shown that short-term extreme riboflavin defi- 
ciency (1) decreases the rate of tumor growth, (2) shortens the length 
of survival, and that (3) riboflavin supplementation increases the number 
of tumors. To test the possibility that tumor size was correlated with 
survival of the animal, a statistical analysis for such a correlation was 
made of five groups of mice.* A large series of animals were used in 
this study, representing (1) riboflavin-deficient; (2) supplemented; (3) 
maintenance throughout; (4) maintenance for three weeks, then sup- 
plemented; and (5) depleted three weeks, then supplemented. The 
results of these calculations are expressed (FIGURE 9) by the regression 
curves of survival in days over total tumor size. No significant deviation 
from zero correlation was indicated between maximum tumor size and 
survival of the mice in any of the groups. 


120 


100. 


DEFICIENT 
———— MAINTENANCE 
20 LEGEND4-~—— = MAINTENANCE & SUPPLEMENTED 
s=aas=ee DEFICIENT & SUPPLEMENTED 
Eg SUPPLEMENTED 


600 800 1000 
TUMOR SIZE MMe Me 
Ficure 9. The linear regression curves of survival in days of mice after appearance of 


foe sare plotted against total size of the tumor at various levels of riboflavin intake, as 
indicated. 


1200 1400 1600 


MORRIS: TUMORS ASSOCIATED WITH VITAMIN INTAKE 131 


RIBOFLAVIN SUPPLEMENTED 
3.0 BB No RIBOFLAVIN 


pias) 


2.0 


AVERAGE NUMBER OF TUMORS PER MOUSE 


Y 
i % 
O | 


WEEKS 
NO.MICE 13-35 13-35 13-35 13-29 13-24 11-14 


BSS 
RSS 


EE LQQQY )} }']\M'’'iWmiT 
B.S SRE 


Ficure 10. Average number of tumors per mouse in mice fed ribofiavin-deficient 
and supplemented diets. 


It would, therefore, seem justifiable to conclude that the size of the 
spontaneous mammary tumors of mice, once they become palpable, does 
not affect the length of time the animal will live, either on a riboflavin- 
deficient diet, a maintenance diet, or on one supplemented with an 
abundant amount of riboflavin. Furthermore, the survival of the tumor- 
bearing animal is not affected by the size of the tumor, but is directly 
related to the riboflavin supplementation or a combination of partial 
depletion followed by supplementation. 

Riportavin INTAKE AND THE NuMBER oF Tumors. It is generally 
recognized that female mice susceptible to the development of spontaneous 
mammary adenocarcinoma will develop more than a single gross tumor.‘ 
That the number of these tumors can be affected by dietary constituents, 
was first shown by Morris and Robertson® who found a direct relation 
between the amount of riboflavin in the diet and the number of gross 
tumors in C3H mice. They selected, at random, tumor-bearing mice 
ingesting a stock diet and placed them on experimental diets. They 
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then compared, at weekly intervals, the number of tumors observed in 
one group of animals given the basal diet containing only 0.5 y of ribo- 
flavin per gram of food with the number arising in the other group 
receiving this basal diet supplemented with 10 y riboflavin per gram of 
food. There was no essential difference in the total quantity of food 
ingested by the two groups, but the group supplemented with riboflavin 
showed a striking increase in the number of tumors during a five-week 
period. The number of tumors in the deficient group increased slightly 
from 1.3 to 1.5 tumors per mouse, while, during the same period, the 
tumors in the supplemented group more than deubled in number by 
increasing from 1.2 to 2.7 tumors per animal. This striking difference 
between the two groups is illustrated in the bar diagram of FicuRE 10. 

To see if the amount of riboflavin ingested for a prolonged period 
prior to tumor development also affected the number of tumors, graded 
amounts of riboflavin were given throughout the lifetime of the mouse.‘ 
Weanling female C3H mice were divided into three groups. Each group 
was fed a diet containing a different amount of riboflavin, and the experi- 
ment continued throughout life until death occurred following the devel- 
opment of mammary tumors. Eleven mice in one group were given, 
throughout their lifetime, a diet containing a minimum amount of ribo- 
flavin approximating 1.5 y per gram of food. The animals of this group 
developed an average of 1.8 tumors per mouse and survived an average 
of 4.6 weeks following the appearance of the first tumor, as shown in 
column A of FicurE 11. Forty-eight mice received about twice the 
minimum level of riboflavin, 3.3 y per gram of food. These-animals sur- 
vived an average of 8.1 weeks after the appearance of the first-tumor, 
and developed an. average of 2.2 tumors per animal (column B, FIGURE 
11). The third group of 40 mice received approximately seven times 
the minimum level of riboflavin, or 10 y per gram of food. This group 
developed an average of 2.5 tumors per mouse during a survival period, 
after the first tumor appeared, of 6.4 weeks (column C). These data 
support the view that the effect of riboflavin on increasing the number 
of tumors occurs only after the appearance of the first palpable tumor, 
and that the effect is not due entirely to the length of survival of the 
animal after the first tumor develops. 


Influence of a Prolonged Partial Riboflavin Depletion on 
Genesis of the Spontaneous Mammary Tumor 


The foregoing experiments may also be interpreted as showing that 
decreasing amounts of dietary riboflavin resulted in fewer spontaneous 
mammary tumors. This suggests that the incidence of mammary tumors 
may be influenced by partial riboflavin deficiency, and offers a means of 
studying the influence of this vitamin on the genesis of mammary tumors 
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Ficure 11. Average number of tumors per mouse in mice fed different amounts 
of riboflavin throughout life, expressed in micrograms per gram of food at top of 
columns. Values at top of figure represent average survival after appearance of the 
first tumor. 


in mice. The mouse mammary cancer substrate, the mammary glands, 
must reach a certain stage of development before the mammary tumor 
will arise. Any dietary regimen, therefore, which influences tumor genesis 
should be initiated at an age prior to the full development of the mam- 
mary glands in order to obtain maximum effect. 

Morris and Dubnik‘ studied the influence of partial ariboflavinosis on 
the spontaneous mammary tumor incidence in C3H virgin female mice. 
The experiments were initiated at weaning time and continued through- 
out the life of the animal. The animals were allowed just sufficient ribo- 
flavin to prevent severe and chronic clinical symptoms of ariboflavinosis. 
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Ficurr 12. Average body weight of mice fed a partially riboflavin-deficient diet (upper 
curve 142) and of control litter mate mice fed adequate riboflavin supplement (upper curve 
141). Two lower curves represent the average daily food intake, respectively, of the two 
groups. The numbers at various points indicate the number of animals used to obtain the 
average values. 
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Ficurp 13. Average spontaneous mammary tumor incidence in C3H mice: column 


142, for mice ingesting a partially riboflavin-deficient diet; column 141, for mice 
ingesting a riboflavin-supplemented diet. 
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The mice partially depleted in riboflavin maintained an average body 
weight approximately 70 pér cent that of the litter mate control animals, 
as shown by FicurE 12, body weight curves marked 141 and 142. Both 
the control and deficient groups were allowed to eat of their food ad 
libitum. The partially deficient mice ate slightly more food per unit of 
body weight than did the control animals, as shown by the food intake 
curves 142 and 141, respectively, at the bottom of FicuRE 12. 

The incidence of tumors was 66 per cent in the deficient group, com- 
pared to an incidence of 98 per cent for the controls (FIGURE 13). This 
difference by the Chi square test was significant. The average age of 
appearance of tumors was 37 weeks for the treated animals and 34 weeks 
for the controls, a difference not considered significant. 

During the fifth month of the experiment, no difference was found 
in the occurrence of estrus cycles in either deficient or control animals. 
Yet, the mammary glands of the riboflavin-deficient mice showed a con- 
siderable degree of underdevelopment compared to the controls, although 
there was a considerable amount of variation from animal to animal. 
This was evidenced by less complex branching than in the controls, with 
a tendency in glands of deficient animals toward the development of fewer 
hyperplastic nodules. ‘These structures are generally considered to be 
the precursors of the mammary tumors. This underdevelopment of the 
mammary glands, together with the development of fewer hyperplastic 
nodules, therefore, seems to be an explanation for the decreased incidence 
of spontaneous mammary tumors in the riboflavin-deficient mice. 


DISCUSSION 


The rate of growth of the spontaneous mammary tumor was not altered 
in pyridoxine-deficient mice.* The absence of added dietary pantothenic 
acid in experiments definitely depressed the rate of growth of the spon- 
taneous tumor.* On the other hand, Kline et al.’ concluded, from a 
study of transplanted tumors on low pyridoxine diets in both rats and 
mice, that ‘“‘on diets deficient in this vitamin the growth rate of tumors 
in most animals tends to be diminished.” Bischoff e¢ al.® did not find 
this vitamin necessary for the growth of transplanted mouse sarcoma 180. 

Jones?” has reported that thiamine deficiency decreased the growth rate 
of the Jensen rat sarcoma, but the relative importance of thiamine and 
calories per se was not clearly evaluated by him. This effect of caloric 
restriction was found to be the main explanation for decreased rates of 
growth of the spontaneous mammary tumor in mice allowed to eat the 
deficient diet ad libitum. It was only by forcibly feeding both thiamine- 
deficient and thiamine-supplemented diets that a depressing effect of 
thiamine on mammary tumor growth appeared. 


136 ANNALS NEW YORK ACADEMY OF SCIENCES 


These diverse growth responses of different tumors to some of the 
vitamins demonstrate the difficulty of making generalizations on the 
in vivo requirements of malignant tissue. 

The fact that, in our experiments,* tumor-bearing C3H mice on a 
pyridoxine-deficient diet did not lose weight while non-tumor-bearing 
adult mice did, may be partially explained by the continued growth of 
the tumor. Does the tumor obtain pyridoxine from the host? Or does 
the tumor produce enough pyridoxine for its own needs as well as the 
pyridoxine requirements of the host? Unfortunately, no quantitative 
determinations were made of the pyridoxine content of either the host 
or the tumor. Schweigert et al.11 have shown, however, that the pyri- 
doxine content of the normal mouse decreases rapidly on a pyridoxine- 
deficient diet. 

Vitamin AND Hormone Retations. The food intake per unit of 
weight in the mice maintained from weaning time to death in a state 
of partial ariboflavinosis,t was slightly greater than for the controls. 
The body weight, however, was approximately 30 per cent less than for 
control mice. Since our observations indicated no effect on estrus cycles, 
it would appear that partial depletion of the animal in riboflavin did 
not greatly interfere with the ovarian secretion of estrogen. Another 
possibility could be that, although estrogen secretion may have been 
depressed, prolonged partial riboflavin depletion interfered with the 
normal inactivation of the endogenous estrogen that was produced, thus 
giving rise to a high endogenous level. While the partially riboflavin- 
depleted animals showed little inhibition of estrus, there was noted under- 
development of the mammary glands. The effect of chronic riboflavin 
deficiency on the pituitary has not yet been studied. Some of these 
observed effects may possibly have been mediated through the secretions 
of that gland. 

Estrogenic and pituitary hormones are involved in the formation of 
spontaneous mammary cancer in the mouse.’ Several dietary regimens 
which inhibit the genesis of the mouse mammary tumor appear to exert 
their effect through the endocrine secretions. Therefore, one extremely 
important field for future studies on the effect of nutrition on carcino- 
genesis would seem to be a study of the relation of the vitamins to the 
elaboration of hormones or secretions of the endocrine glands, and the 
effect of vitamins in promoting the inactivation of such hormones by 
the organism. 

Thus, the possibility that thiamine deficiency may be implicated in 
the origin of cancer is suggested by the literature relating to the inactiva- 
tion of estrogen by the liver, and, in cases of incomplete inactivation, the 
possibility that high levels of endogenous estrogen may prevail over pro- 
longed periods and influence the development of uterine cancer. It has 
been established by several investigators! 13:14 that the inactivation of 
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endogenous estrogen is interfered with in certain types of liver damage. 
This inactivation of estrogen by the liver has been demonstrated by the 
intrasplenic implantation of estrogen in spayed female rats. Such animals 
with undamaged livers fail to come into estrus, since the blood leaving 
the spleen goes to the liver, where the estrogen is inactivated and, thus, 
does not get out into general circulation. When such animals are made 
deficient in the vitamin B-complex or are suffering from inanition, they 
almost immediately come into estrus, showing that the liver is not inac- 
tivating the intrasplenically implanted estrogen. Recent experiments 
of Drill and Pfeiffer suggest that the caloric restriction which accom- 
panies vitamin B-complex deficiency (especially a thiamine deficiency) 
renders the liver ineffective in inactivating intrasplenically implanted 
estrogen pellets. 

Although all types of liver damage may not interfere with the inactiva- 
tion of estrogen, it seems worth speculating that the high incidence of 
uterine cancer in rabbits after administration of estrogen to animals with 
damaged livers, reported by Green,!® may have been influenced by a 
lessened ability of the damaged liver to inactivate estrogen. 

Ayer and Bauld" have recently observed that, in uterine cancer in the 
human, a low excretion of administered thiamine was found concomi- 
tantly with a high endogenous level of estrogen. If the liver fails to 
inactivate, or only partially inactivates, the normally produced estrogen, 
a sufficiently high concentration of estrogen may exist in the body for 
long periods which could serve as a continual growth stimulant to sensi- 
tive tissues of the female genital tract. The supposedly high endogenous 
estrogen was reported, by Ayer and Bauld,!* to show a remarkable drop 
after the administration of B-complex, when the estrogen was determined 
by the cornification level in vaginal smears. These authors did not report 
the effect of thiamine or the B-complex administration upon the amount 
of food eaten by the patients. If these patients were actually deficient 
in thiamine, it seems likely that they might also have been eating an 
insufficient quantity of food. Nevertheless, their observations merit fur- 
ther study including (1) a sensitive measure of endogenous estrogen, 
(2) estimation of thiamine deficiency, and (3) attempts to correlate the 
two conditions for the purpose of trying to detect a potential cancer- 
producing condition before the cancer develops. 

The underlying mechanisms responsible for the differences in the growth 
response of the spontaneous mammary tumor to vitamin intake are still 
quite obscure. The recent experiments of Ryan and Lederberg'® work- 
ing with Neurospora suggest one possible mode by which changes in an 
organism may be influenced by the absence of essential nutritional con- 
stituents. 

The abovementioned authors have isolated, after ultraviolet treatment 
of Neurospora crassa, a mutant strain which is incapable of synthesizing 
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the amino acid, leucine. Occasionally, fragments of the mycelium of 
the leucineless mutant grow autonomously, irrespective of the available 
leucine, and may, under certain conditions, overgrow the culture until 
the carbohydrate of the media is exhausted. These authors have shown, 
further, that this adaptation depends on reversion of the leucineless gene 
to an allele capable of mediating the synthesis of leucine. 

If we view the cells in the organism as being regulated by their 
environment, and if growth of the cells be controlled by the nutrients 
supplied to them—then, should one or more cells become adapted so 
they could exist independently of one phase of their environment (for 
example, by becoming able to synthesize some “essential” nutrient which 
the host still has to obtain from its food supply), autonomous growth 
of such a changed cell may result and, as Lederberg’ proposed, offers 
one explanation for the origin of cancer. If the setting-up of a nutri- 
tional regimen deficient in some constituent increases the rate at which 
such modification processes may occur, they could conceivably become 
causative factors in the genesis of cancer. It is appropriate to suggest, 
here, that the genesis of the tumors found in rats after ingestion of choline- 
deficient diets for several months as reported by Webster,?° Copeland 
and Salmon,*! and by Engel e¢ al.?* could conceivably involve such modi- 
fication processes. 


SUMMARY 


Extreme deficiencies of pantothenic acid and riboflavin, produced 
rapidly during a short period of time, decreased the rate of growth of 
the spontaneous mammary adenocarcinoma in strain C3H mice. On the 
other hand, the production of extreme deficiency of pyridoxine under 
similar experimental conditions did not affect the rate of growth of the 
mammary tumor. 

The rapid depletion of the mouse in thiamine decreased the rate of 
growth of the spontaneous mammary tumor to the same extent as its food 
intake was voluntarily restricted. However, in paired tumor-bearing mice 
forcibly fed equal quantities of thiamine-deficient or thiamine-supple- 
mented food, the average growth rate of the mammary tumors was de- 
pressed in the presence of added thiamine. 

The feeding of pyridoxine, thiamine, or riboflavin in amounts sufficient 
to maintain the body weight of the adult non-tumor-bearing animal also 
furnished a sufficient amount of these vitamins to eliminate any effect 
on the growth rate of the tumors. 

Riboflavin supplementation resulted in increasing the number of tumors 
which developed. The riboflavin supplementation prior to the appear- 
ance of the first tumor, however, was no more effective than giving the 
supplement after the tumor appeared. 
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The production of partial riboflavin deficiency by feeding amounts of 
riboflavin just sufficient to prevent clinical ariboflavinosis depressed the 
average body weight about 30 per cent, prevented full development of 
the mammary glands, and reduced the tumor incidence of the partially 
deficient mice to two-thirds that of the controls. 

Some possible explanations of the effects on tumor genesis and growth 
due to deficiencies of different vitamins have been discussed. 

It was pointed out that the possible relation of thiamine intake to 
inactivation of estrogen in the body needs to be further investigated to 
see if an estimation of thiamine deficiency can be a useful criterion for 
detecting a potential uterine cancer-producing condition prior to the 
appearance of the cancer at that specific site. 
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